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REWDLQLQJ WKH UHVHDUFK PDWHULDO 'HYHORSLQJ QHZ PRQLWRULQJ PHWKRGV ZDV QHFHVVDU\ EHFDXVH
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Figure 2.2. Distribution of vertical loading via rail on sleepers (Holm et al. 2002 Profillidis 
2000). 
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ORDGEXWDOVRE\ WKHQXPEHURID[OHVDQG WKHLUGLVWDQFHIURPHDFKRWKHU ,QURDG WUDQVSRUW WKH
JUHDWHVW SHUPLVVLEOH D[OH ORDG LV OLPLWHG LQ DFFRUGDQFHZLWK WKH D[OH VSDFLQJ VR WKDWZKHQ WKH
ZKHHOEDVHLV±PDERJLHORDGRIWLVDOORZHGIRUWZRD[OHERJLHVDQGWIRUWKUHHD[OH
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VKRUWHVW SHUPLVVLEOH ZKHHOEDVH LV GHWHUPLQHG LQ DFFRUGDQFH ZLWK WKH ERJLH ORDG DQG WKH OLQH
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(1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Figure 2.3. Environmental loads on the road structure (Doré 	 Zubeck 2009). 
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Figure 2.4. General process of frost heaving for roads (Doré & Zubeck 2009). 
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PDWHULDO,IDQ\RIWKHVHEDVLFUHTXLUHPHQWVLVQRWZKROO\UHDOLVHGRULVODFNLQJIURVWKHDYHZLOOEH
OLPLWHG RU FRPSOHWHO\ SUHYHQWHG )URVW KHDYH XVXDOO\ WDNHV SODFH RQO\ LQ WKH VXEJUDGH RU
HPEDQNPHQW EHFDXVH WKH VWUXFWXUDO OD\HUV VKRXOG EH FRQVWUXFWHG RI QRQIURVWVXVFHSWLEOH
PDWHULDOV7KHPDWHULDOVLQVWUXFWXUDOOD\HUVFDQIRUPIURVWVXVFHSWLEOHPDWHULDOVGXHWRGHJUDGDWLRQ
RUPL[LQJZLWKWKHVXEJUDGH7KHURDGVWUXFWXUHLQWKHPLGGOHRIWKHFURVVVHFWLRQIUHH]HVGHHSHU
WKDQRQ WKHVLGHV7KLV LVGXH WR WKHSURWHFWLQJ HIIHFWRI VQRZ OD\HUVRQ WKHVLGHVRI WKH URDG
0RUHRYHUIURVWKHDYHLVJUHDWHULQWKHPLGGOHRIWKHURDG2ZLQJWRWKHXQHYHQQHVVRIIURVWKHDYH
WHQVLOHVWUHVVHVWKDWGHYHORSLQWKHXSSHUSDUWRIWKHVWUXFWXUHFDQFUHDWHDORQJLWXGLQDOFUDFNRQWKH
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$ORQJWKHROGHUUDLOZD\OLQHVWKHUHDUHDOVRVHYHUDOVHFWLRQVZKHUHWKHWKLFNQHVVRIWKHVWUXFWXUDO























VRLO PDWHULDOV LV QRW FRPSOHWHO\ HODVWLF .ROLVRMD  7UDIILF ORDGLQJ RQ XQERXQGPDWHULDO
DOZD\V FUHDWHV ERWK UHVLOLHQW DQG SHUPDQHQW GHIRUPDWLRQV 7KH SURSRUWLRQ EHWZHHQ WKH WZR LV
GHSHQGHQWRQWKHPDJQLWXGHRIWKHORDGDQGWKHVWUHQJWKRIWKHPDWHULDO.ROLVRMD:KHQWKH
ORDG OHYHO LV VPDOO LW FDQ EH DVVXPHG WKDW WKH GHIRUPDWLRQV ZLOO DOPRVW DOO EH UHVLOLHQW 7KH
SURSRUWLRQ RI UHVLOLHQW GHIRUPDWLRQV LQFUHDVHV LI WKH VDPH VL]H RI WUDIILF ORDG LV UHSHDWHG 7KH
VWUXFWXUHZLOOEHFRPHVWDEOHLIWKHORDGOHYHOLVVXIILFLHQWO\VPDOOLQUHODWLRQWRWKHVWUXFWXUH¶VORDG




Figure 2.5. Strain–deformation behaviour of unbound materials under repeated loading (Huang 
2004). 













































































































































Figure 2.7. Euler–Bernoulli beam on the Winkler foundation (Esveld 2001). 
7KHIRUFHp(x) WKDWEHDUV WKHUDLORQWKH:LQNOHUIRXQGDWLRQYHUWLFDOO\FDQEHGHILQHGZLWKWKH
HTXDWLRQ+HWpQ\L
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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ZKHUH
 xp   LV WKH FRPSUHVVLYH IRUFHSHUXQLW OHQJWK H[HUWHGRQ WKH UDLO DW SRVLWLRQ[
>1PP@
 x   LVWKHORQJLWXGLQDOFRRUGLQDWH>PP@LQWKHGLUHFWLRQRIWKHUDLO
 u   LVWKHWUDFNPRGXOXV>1PPPP@
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ZKHUH
 E LV  WKHPRGXOXVRIHODVWLFLW\IRUUDLOVWHHO>03D@
 I   LVWKHPRPHQWRILQHUWLDRIWKHUDLO>PP@
 u DQG y  DUHWKHVDPHDVLQ(TXDWLRQ
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 ZKHQx = 0, yƍ = 0






















d VLQFRV      
ZKHUH
 y(x) LVWKHYHUWLFDOGHIOHFWLRQRIWKHUDLODWSRVLWLRQx >PP@
 dQ  LVWKHYHUWLFDOZKHHOORDG>1@
 u  LVWKHWUDFNPRGXOXV>1PPPP@
 e  LV1HSHU¶VQXPEHU§>@
 x  LVWKHORQJLWXGLQDOFRRUGLQDWHZLWKLWVRULJLQDWWKHSRLQWZKHUHWKHORDGLVDSSOLHG
>PP@
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Figure 2.8. Influence lines of the rail’s deflection and bending moment (Esveld 2001). 
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  ixsum xyxyxyy        
ZKHUH
   xsumy  LVWKHWRWDOGHIOHFWLRQDW[ >PP@
 ix   LVWKHGLVWDQFHRIWKHZKHHOORDGIURPWKH]HURSRLQWRIWKH[D[OH>PP@

7KH FRPELQHG HIIHFW RI VHYHUDO D[OH RUZKHHO ORDGV DW GLIIHUHQW GLVWDQFHV RQ WKH GHIOHFWLRQ LQ
(TXDWLRQFDQDOVREHVKRZQZLWKWKHKHOSRIDQLQIOXHQFHOLQH7KHIRUPRIWKHLQIOXHQFH




























DVDFRQVHTXHQFHRIZHDULQJRI WKHPDWHULDO+RZHYHU VXUIDFHGHIHFWV DUHQRW LQFOXGHG LQ WKH





GLPHQVLRQHG URDGDQG UDLOZD\ VWUXFWXUHVZLWK UDWKHU WKLFNXQERXQG VWUXFWXUDO OD\HUV DUHSURQH





































OHYHO OHDGV WR D FOHDUO\ ODUJHU DFFXPXODWLRQ RI SHUPDQHQW GHIRUPDWLRQV ZKHQ FRPSDUHG ZLWK
FLUFXPVWDQFHVZKHUHDWULD[LDOH[SHULPHQWLVVWDUWHGZLWKDODUJHORDGOHYHO7KLVZDVWKRXJKWWR





*URZWK LQ WKH ZDWHU FRQWHQW ZHDNHQV WKH XQERXQG VWUXFWXUDO OD\HUV DQG VXEJUDGH DQG WKH
PDJQLWXGHRISHUPDQHQWGHIRUPDWLRQVZLOOLQFUHDVH$VWKHZDWHUFRQWHQWLQFUHDVHVFORVHWRDVWDWH
RI VDWXUDWLRQ SHUPDQHQW GHIRUPDWLRQV ZLOO LQFUHDVH YHU\ UDSLGO\ )LJXUH  VKRZV WKH







Figure 2.10. Effect of water content on permanent deformations (Dawson et al. 2004). 
7KHGHJUHHRIFRPSDFWLRQKDVEHHQIRXQGWRKDYHDFOHDUHIIHFWRQWKHDFFXPXODWLRQRISHUPDQHQW
GHIRUPDWLRQV ,QFUHDVLQJ WKH GHJUHH RI FRPSDFWLRQ FOHDUO\ GHFUHDVHV SHUPDQHQW GHIRUPDWLRQV
HVSHFLDOO\LQWKHFDVHRIFUXVKHGPDWHULDOV/HNDUSHWDO%HFDXVHWKHFRQQHFWLRQLVFOHDULQ
WULD[LDOWHVWVWKHVLJQLILFDQFHRIFRPSDFWQHVVLVHYHQPRUHLPSRUWDQWLQWKHUHDOVWUXFWXUHZKHUH
WKH ORDG PRYHV DQG XVHV GLIIHUHQW GULYLQJ OLQHV $ ZHDN GHJUHH RI FRPSDFWLRQ HQDEOHV WKH
PRYHPHQWRISDUWLFOHVLQUHODWLRQWRHDFKRWKHU
7KH JUDLQ VL]H GLVWULEXWLRQ DPRXQW RI ILQHV DQG JUDLQ VKDSH DOVR LQIOXHQFH SHUPDQHQW
GHIRUPDWLRQV7KHUHODWLRQVKLSVDPRQJWKHPDUHVSHFLILFWRWKHPDWHULDOKRZHYHUDFFRUGLQJWR
/HNDUSHWDORSWLPDOJUDLQVL]HGLVWULEXWLRQLVWKHPRVWLPSRUWDQWRIWKHVHLQGHFUHDVLQJ




0RVW SHUPDQHQW GHIRUPDWLRQV RI WKH WUDFN VWUXFWXUH XQGHU )LQODQG¶V FRQGLWLRQV DUH FDXVHG E\
GHIRUPDWLRQVLQWKHEDOODVW'HJUDGDWLRQLQWRILQHUSDUWLFOHVDQGFRPSDFWLQJDUHWKHPRVWLPSRUWDQW
IDFWRUV2WKHUFDXVHVRISHUPDQHQWGHIRUPDWLRQV LQ WKHWUDFNVWUXFWXUHLQFOXGHVSUHDGLQJRIWKH





GHJUDGDWLRQRIEDOODVW LQWRILQHUSDUWLFOHV LVGHDOWZLWK LQ1XUPLNROX¶V  WKHVLVZKHUH WKH
GHJUDGDWLRQLVGHVFULEHGDVDUHVXOWRIJUDLQHGJHVEUHDNLQJGXHWRKLJKORDGV$VDUHVXOWRIWKLV
WKHJUDLQVPRYHSDVW HDFKRWKHU DQG WR DQHZSRVLWLRQZKHUH WKHPDWHULDO FDQDJDLQ FDUU\ WKH
ORDGLQJ6PDOOHU JUDLQV DUH FUHDWHG LQ WKH SURFHVV DQG RQFH WKH GHJUDGDWLRQ KDV DGYDQFHG IDU

HQRXJK WKHJUDLQVL]HGLVWULEXWLRQRIWKHPDWHULDOEHFRPHVFOHDUO\ILQHU$WWKHVDPHWLPH WKH










FURVVLQJV'HJUDGDWLRQFDQDOVREHXQHYHQ DVD UHVXOW URXJKQHVVFDQDSSHDU LQ WUDFNVHFWLRQV
ZKHUHWKHWUDFNVWUXFWXUHGRHVQRWKDYHDQ\VWUXFWXUDOGLVFRQWLQXLW\

Figure 2.11. Schematic diagram of the effect of various structural layers on permanent 
deformations of the track (Selig & Waters 1995). 
7KHGHJUDGDWLRQ RI EDOODVWZHDNHQV LW ILQDOO\ LWV FKDUDFWHULVWLFV KDYHZHDNHQHG VRPXFK WKDW
WDPSLQJUHVXOWVLQRQO\WHPSRUDU\KHOSWRWKHWUDFN¶VHOHYDWLRQ7KHOLPLWYDOXHVIRUFOHDQLQJZKLFK
DUHEDVHGRQJUDLQVL]HGLVWULEXWLRQKDYHEHHQGHILQHGIRU WKHEDOODVW$IWHU UHDFKLQJDFHUWDLQ
OLPLW LWZRXOGEH UHDVRQDEOH LQ OLQHZLWK OLIHF\FOH HFRQRPLFV WR FOHDQ RU UHSODFH WKHEDOODVW
0RUHRYHUZKHQWKHEDOODVWZHDNHQVLWVZDWHUUHWHQWLRQFDSDFLW\LQFUHDVHVDQGWKHGHJUDGDWLRQ






,Q )LQODQG UDLOZD\ WUDFNV KDYH UDWKHU WKLFN VWUXFWXUHV WR SURYLGH IURVW SURWHFWLRQ 7R VDYH






SHUPDQHQWGHIRUPDWLRQ LVGHSHQGHQWRQ WKHZLGWKRI WKHHPEDQNPHQWDQG WKHVORSHDQJOHEXW
DERYH DOO HOVH RQ WKH VWLIIQHVV RI WKH VXEJUDGH 7KH OHYHO RI VKHDU VWUDLQ GHIRUPDWLRQV RQ WKH
HPEDQNPHQWLVGHWHUPLQHGE\WKHVWLIIQHVVRIWKHVXEJUDGHEHFDXVHODUJHGHIRUPDWLRQVDIIHFWLQJ
WKH HPEDQNPHQW RULJLQDWH IURP WKH VXEJUDGH $V D UHVXOW RI WKH UHVHDUFK WKH SUDFWLFH RI
GLPHQVLRQLQJWKHHPEDQNPHQWZLGWKRQWKHEDVLVRIGHIOHFWLRQRIWKHWUDFNGXHWRWUDLQORDGZDV





VXIILFLHQWO\ UHOLDEO\ 7KH LQVWUXFWLRQV 5DWR  SURSRVH D PHDVXUHPHQW PHWKRG IRU WUDFN


















2WKHU VXEJUDGH GHIRUPDWLRQ PHFKDQLVPV LQFOXGH VXEJUDGH DWWULWLRQ E\ EDOODVW ZLWK PXG






Figure 2.12. Progressive subgrade shear failure (Selig & Waters 1994). 
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,QLWLDOVHWWOHPHQWVL WDNHVSODFHLPPHGLDWHO\DIWHU WKHORDGLVDGGHG ,QFRKHVLYHVRLO WKHLQLWLDO
VHWWOHPHQW RFFXUV XQGHU XQGUDLQHG FRQGLWLRQV DQG GRHV QRW FDXVH DQ\ FKDQJH LQ YROXPH $
























EHFDXVH WKH VHWWOHPHQW JHQHUDOO\ RFFXUV XQHYHQO\ 8QHYHQQHVV LV GHYHORSHG HVSHFLDOO\ LQ WKH
WUDQVLWLRQ ]RQHV RI WKH VXEJUDGH ZKHUH WKH WKLFNQHVV RU FKDUDFWHULVWLFV RI WKH VRLO OD\HU YDU\
VXEVWDQWLDOO\,Q)LQODQGVHYHUDOWUDFNVHFWLRQVZHUHEXLOWRQVRIWVRLOVZKHQWKHSHUPLWWHGD[OH
ORDGV ZHUH VLJQLILFDQWO\ ORZHU WKDQ WRGD\ $V WKH D[OH ORDGV KDYH FRQWLQXHG WR LQFUHDVH WKH
FRQILGHQFHDJDLQVWVKHDUIDLOXUHKDVGHFUHDVHG0DQVLNNDPlNL,QQXPHURXVFURVVVHFWLRQV
DVLWXDWLRQKDVDULVHQZKHUHWKHFRQILGHQFHDJDLQVWVKHDUIDLOXUHLVQRWVXIILFLHQWZKHQFDOFXODWHG















VHYHUH ZLQWHUV DOVR SHQHWUDWH WKH VXEJUDGH ,I WKH VXEJUDGH LV FRPSRVHG RI IURVWVXVFHSWLEOH
PDWHULDOVIURVWKHDYHVWDUWVDSSHDULQJXQGHUWKHHIIHFWRIZDWHUIORZLQJRQWKHIURVWERXQGDU\7KH
YROXPH RI PDWHULDO WKXV LQFUHDVHV DSSHDULQJ DV URXJKQHVV RQ WKH VXUIDFH RI WKH VWUXFWXUH
$QGHUVODQG	/DGDQ\L

)URVWKHDYH LQPDWHULDOV LVDYHU\FRPSOH[SKHQRPHQRQZKLFKHYHQ WKHDFDGHPLFFRPPXQLW\
ILQGVGLIILFXOW WR H[SODLQ VDWLVIDFWRULO\ )URVW DFWLRQSKHQRPHQD DUHSRVVLEOH LQ D VXLWDEOH ILQH
JUDLQHGPDWHULDOZLWK SURSHUZDWHU SHUPHDELOLW\ WKH SUHVHQFH RIZDWHU DQG D VXIILFLHQWO\ ORZ
IUHH]LQJ WHPSHUDWXUH 3\ONNlQHQHW DO1XUPLNROX	.ROLVRMD)URVWKHDYHFDQEH
SUHYHQWHGZLWKPDVVLYHORDGLQJEXWWKLVLVRQO\SRVVLEOHLQUDUHFDVHVDQGZKHQWKHPDWHULDOLV
IURVWVXVFHSWLEOHLQDVXIILFLHQWO\ZHDNPDQQHU2IWHQWKHIURVWKHDYHSUHVVXUHLVVRJUHDWWKDWQR


































DOVRRFFXULQPDWHULDOV WKDWKDYHQRWIURVWKHDYHG)RUH[DPSOH WKHGHJUDGDWLRQRIEDOODVW LQWR
VPDOOHUSDUWLFOHVFRQWLQXHVWKURXJKRXWZLQWHUKRZHYHURQO\GXULQJVSULQJDIWHUWKHIURVWWKDZV







VHYHUDO WLPHV SHU \HDU GHSHQGLQJRQ WKHPDLQWHQDQFH OHYHO DWPRVW  WLPHV D \HDU7KH WUDFN
LQVSHFWLRQ YDULDEOH WKDW EHVW GHVFULEHV YHUWLFDO GHIRUPDWLRQ EHKDYLRXU LV WKH GHYLDWLRQ RI
ORQJLWXGLQDO OHYHO WKDW LVPHDVXUHGFRQWLQXRXVO\ZLWK WKHKHOSRI D WUDFN UHFRUGLQJYHKLFOH ,Q
)LQODQG WKHPHDVXUHPHQW LVFDUULHGRXWDVDPLGFKRUGRIIVHWDQG WKHPHDVXUHPHQW UHVXOWVDUH
H[DPLQHGZLWKWKHDLGRIDPFKRUG,QPDQ\RWKHUFRXQWULHVDZLGHU±PZDYHOHQJWKUDQJH









$$ $      
&        
'        











DQJOH VSHHG VHQVRUV WKDW PHDVXUH PRYHPHQW 0HWKRGV EDVHG RQ PHDVXULQJ ZKHHOV RU ODVHUV
IXQFWLRQMXVWDVZHOOIURPYHU\VORZVSHHGVXSWRUHDVRQDEO\KLJKVSHHGVRINPKIRUH[DPSOH
1RUPDOO\ LQVSHFWLRQ VSHHGV H[FHHGLQJ WKHVH DUH QRW UHFRPPHQGHG 2Q WKH FRQWUDU\ LQHUWLD
PHDVXUHPHQW DW OHDVW LQ WKHRU\ZRUNVEHWWHU WKHIDVWHU WKH LQVSHFWLRQVSHHG:LWK WKHVORZHVW







LQGH[ZLWKXQLWVRI VORSH ,5,PHDVXUHPHQWZDV FDUULHGRXW DW D VSHHGRINPKZKHUH WKH
YHUWLFDOPRYHPHQWRIVXVSHQVLRQLVPHDVXUHGLQUHODWLRQWRWKHGLVWDQFHGULYHQ/DWHU,5,ZDVDOVR











DYHUDJH RI VXUIDFH VORSH YDULDQFH 7KH GHILQLWLRQ RI WKH LQGLFDWRU ZDV RULJLQDOO\ EDVHG RQ D
&+/2(W\SHSURILORPHWHUZKLFKUHVHPEOHVWKHFKRUGPHDVXUHPHQWXVHGLQWUDFNLQVSHFWLRQ6XQ




































Figure 2.14. Determination of wheel loads with the help of strain gauges attached on the rails 










Figure 2.15. Wheatstone bridge connection for the measurement of wheel load from a rail. The 
numbering of strain gauges is the same as in Figure 2.14. 
2QURDGVZHLJKWLQPRWLRQ:,0VWDWLRQVDUHXVHGWRPHDVXUHWUDIILFORDGLQJ*HQHUDOO\WKH\









7KH\ZHUH DFFXUDWH KRZHYHU WKHLU LQVWDOODWLRQ UHTXLUHG VLJQLILFDQW HIIRUW DQG WKH URDG
VWUXFWXUHFRXOGDOVRVXIIHUGDPDJH-DFRE	)H\SHOOGH/D%HDXPHOOH

Figure 2.16. Two WIM stations: bending plates on the left and piezo-ceramic strip sensors on the 
right (Jacob & Feypell-de La Beaumelle 2010). 
 0HDVXUHPHQWPHWKRGVIRUVWLIIQHVV











FDXVHGE\G\QDPLF ORDGLQJ0HDVXUHPHQWPHWKRGVSUHFHGLQJ WKHVH LQFOXGH L WKH%HQNHOPDQ
EHDPWKHRSHUDWLRQRIZKLFKLVEDVHGRQDGLDOJDXJHPHDVXUHPHQWRIWKHGHIOHFWLRQEDVLQFDXVHG
E\ D WUXFN RU LL WKH SODWH EHDULQJ WHVW ZKLFK LV D FRPSOHWHO\ VWDWLF GHIOHFWLRQPHDVXUHPHQW
PHWKRG ,Q 'HQPDUN WKH WUDYHOOLQJ GHIOHFWRJUDSK KDV DOVR EHHQ XVHG LW LV D VOLJKWO\ PRUH















Figure 2.17. FWD developed by URS Infrastructure and Environment Ltd. for track use (Sharpe 
2014). 





















SURMHFW /DWHU ZLWK WLPH LW ZDVPRGLILHGPRUH VXLWDEO\ IRU YDULRXV UHVHDUFK SXUSRVHV ,Q WKH





Figure 2.18. TTCI’s track loading vehicle (Li et al. 2002). 
$PHDVXULQJYHKLFOHGHYHORSHGLQ6RXWK$IULFDFDUULHVWKHQDPH%661,WFDQORDGUDLOVZLWKWKH
KHOSRI WZR LQGHSHQGHQWK\GUDXOLF MDFNV7KHYHUWLFDOVHWWOHPHQWRIDVOHHSHUGXH WR ORDGLQJ LV
PHDVXUHGZLWKWKHKHOSRIWLOWVHQVRUVDWWDFKHGWRDEHDPVHSDUDWHIURPWKHORDGLQJHTXLSPHQWDV





Figure 2.19. Principle of the BSSM measurement vehicle and its operation (Fröhling 1997). 
2WKHU VWLIIQHVV PHDVXUHPHQW YHKLFOHV LQFOXGH D YHKLFOH GHYHORSHG E\ (VYHOG IURP D WDPSLQJ
PDFKLQH(VYHOGDQGD7/9E\%DQYHUNHW IURP6ZHGHQ.|KOHU%HUJJUHQ
%DQYHUNHW¶V 7/9ZHLJKV  W FDQ VWDWLFDOO\ DSSO\ ORDGV RQ ERWK UDLOV XS WR  N1 DQG FDQ
JHQHUDWH G\QDPLF ORDGLQJV XS WR  +] IUHTXHQF\ )XUWKHUPRUHPHDVXUHPHQW RI WKH ODWHUDO
VWLIIQHVVRIWKHWUDFNLVSRVVLEOH
$PRQJ WKHPRVW LPSRUWDQW DGYDQWDJHV RI WKHPHDVXUHPHQW YHKLFOHV DUH WKHLU JUHDW DELOLW\ WR


















Figure 2.20. Example of integration of the accelerometer signal into displacement. 
,Q FRQQHFWLRQZLWK WKH683(575$&.6XSHUWUDFNSURMHFW DFFHOHURPHWHU VHQVRUVZHUH
XVHGWRVLPXOWDQHRXVO\PHDVXUHERWKUDLOGLVSODFHPHQWVDQGVOHHSHUKHDGGLVSODFHPHQWVZLWKWKH




Figure 2.21. Accelerometer sensors installed on the foot of the rail and on the sleeper head in 
connection with the SUPERTRACK project (Supertrack 2005). 
7KH PRVW LPSRUWDQW DGYDQWDJHV RI DFFHOHURPHWHU VHQVRUV LQFOXGH WKH SRVVLELOLW\ WR WDNH
PHDVXUHPHQWVZLWKRXWLPPRELOHUHIHUHQFHSRLQWVXWLOLVDWLRQRIDFWXDOUROOLQJVWRFNPRYLQJRQWKH
WUDFNDVORDGVDQGWKHSRVVLELOLW\WRVLPXOWDQHRXVO\LQVWUXPHQWVHYHUDOHYHQGR]HQVRIVOHHSHUV
,Q DGGLWLRQ WKH HTXLSPHQW LV UHODWLYHO\ FRPSDFW DQG FDQ EH HDVLO\ PRYHG DQG LQVWDOOHG 7R


























ORDG DQG WKHPRYHPHQW RI WKH URDG RU WUDFN VXUIDFH LVPHDVXUHG LQ UHODWLRQ WR D FRQVWUXFWHG
PRWLRQOHVVUHIHUHQFHSRLQW$EDUHPEHGGHGGHHSHQRXJKLQWKHJURXQGDWULSRGRUVRPHRWKHU
VXSSRUW VWUXFWXUH WKDW KDV EHHQ FRQVWUXFWHG IDU HQRXJK IURP WKH URDG RU WUDFN FDQ DFW DV WKH
UHIHUHQFHSRLQW7KHPHDVXUHPHQW IUHTXHQF\DQG UHVROXWLRQRIGLVSODFHPHQW VHQVRUV LV XVXDOO\
VXIILFLHQW IRU GHIOHFWLRQ PHDVXUHPHQW KRZHYHU DV IDU DV FDPHUDV DQG RSWLFDO PHDVXUHPHQW






Rolling stiffness measurement vehicle 
7KH6ZHGLVKUROOLQJVWLIIQHVVPHDVXUHPHQWYHKLFOH5609LVDSXUSRVHEXLOWGHYLFHIRUVWLIIQHVV
PHDVXUHPHQW7KHPHDVXULQJHTXLSPHQWFRQVLVWVRIDWZRD[OHZDJRQDQGRQWRSRIRQHRIWKH







Figure 2.22. RSMV’s structure. Left: counter weights installed above the loading axle; right: a 
close-up of the axle equipped with a hydraulic jack and instrumented with an accelerometer 













EH SURGXFHG 7KH DGMXVWPHQW SDUDPHWHUV FDQQRW EH FRQVWDQWV EHFDXVH WKH IRUFH SURGXFWLRQ
FKDQJHVDVWKHVWLIIQHVVFKDQJHV%HUJJUHQ
Track deflection and stiffness measurements from a track recording vehicle 
%HUJJUHQDOVRGHYHORSHGDQRWKHUPHDVXUHPHQWPHWKRGIRUWUDFNVWLIIQHVVPHDVXUHPHQWV
7KHPHWKRGLVEDVHGRQDQRYHOZD\RIDQDO\VLQJWKHPHDVXUHPHQWUHVXOWVRIWKHWUDFNUHFRUGLQJ
YHKLFOH$6ZHGLVK WUDFN UHFRUGLQJ YHKLFOH ,09 LV HTXLSSHGZLWK ERWK WKHPHDVXUHPHQW
V\VWHPXVLQJWKHFKRUGYHUVLQHPHDVXUHPHQWEDVHGRQWKHZKHHOVDQGDPHDVXUHPHQWPHWKRG
EDVHGRQLQHUWLD7KHORQJLWXGLQDOOHYHOLVWKXVPHDVXUHGIURPWKHVDPHD[OHXVLQJWZRGLIIHUHQW











 +RVVHLQJKROLDQ HW DO  7KH PHDVXUHPHQW SULQFLSOH LV H[DFWO\ WKH VDPH DV LQ WKH
6ZHGLVK5609EXW WKHUH DUH VRPHGLIIHUHQFHV LQ WKHSURGXFWLRQRI IRUFH3RUWDQFHPHWUH LV D
VHSDUDWHGHYLFHZKLFKLVSXOOHGE\DORFRPRWLYH7KHSDUWSURGXFLQJWKHORDGLQJDQGPHDVXUHPHQW
LVDVHSDUDWHXQLWRIHTXLSPHQWWRXVHLWDQRWKHUHTXLSPHQWXQLWZKLFKFRQWDLQVDPRQJRWKHU








Figure 2.23. Portancemetre (Hosseingholian et al. 2011). 






NJP DQG WKH IUHTXHQFLHV ZHUH     DQG +] $FFRUGLQJ WR WKLV LQIRUPDWLRQ WKH
FDOFXODWLRQIRUPXODIRU WKH WRWDO ORDGFDQQRWGLUHFWO\HVWLPDWH WKH ORDGUDQJHXVHGEHFDXVH WKH





,Q PHDVXUHPHQWV FDUULHG RXW ZLWK KLJK ORDGLQJ IUHTXHQFLHV UHVRQDQFH IUHTXHQFLHV DQG WKH
IUHTXHQF\ GHSHQGHQFLHV RI VRLO VWUXFWXUHV ZLOO EH LQFOXGHG LQ WKH HTXDWLRQ ZKLFK PDNHV WKH






PLGGOH RI WKH IRXUD[OH YHKLFOH WKHUH LV D ILIWK ZKHHO VHW RQ ZKLFK ORDGV FDQ EH DSSOLHG
K\GUDXOLFDOO\LQERWKWKHYHUWLFDODQGKRUL]RQWDOGLUHFWLRQV7KHORDGFDQYDU\EHWZHHQDQG
N10HDVXUHPHQWVDUHPDGHZLWKDOLJKWWD[OHORDGDQGDKHDY\WD[OHORDG7KHWUDFN
GHIOHFWLRQ GXH WR LQFUHDVHG ORDG FDQ EH FDOFXODWHG DV WKH GLIIHUHQFH EHWZHHQ WKHVH WZR
PHDVXUHPHQWV7KHIRUPRIWKHWUDFNLVPHDVXUHGZLWKWKHKHOSRIODVHUVHQVRUVEDVHGRQFKRUG
PHDVXUHPHQW7KHPHDVXUHPHQWDUUDQJHPHQWVDOVRLQFOXGHDQRWKHUYHKLFOHZKLFKDSSOLHVRQO\D
VPDOO ORDG WR FRQILUP WKH FRQWDFW RI WKH ZKHHO ZLWK WKH UDLO 7KLV PHDVXUHPHQW ZKHHO VHW LV
HTXLSSHG ZLWK D SUHVVXULVHG DLU F\OLQGHU SURGXFLQJ D ORDG RI  N1 7KH PHDVXUHPHQW UHVXOW





Figure 2.24. Measurement of track geometry with a chord method based on lasers (Li et al. 
2002). 














Figure 2.25. Chinese CARS stiffness measurement system (Wangqing et al. 1997). 
University of Nebraska 















Figure 2.27. Rail deflection in relation to the measurement point (Norman et al. 2004). 
$FOHDUZHDNQHVV LQ WKHPHDVXUHPHQWPHWKRG LV WKDW WKHGHIOHFWLRQ FDQQRWEHPHDVXUHG LQ LWV
HQWLUHW\WKHGHIOHFWLRQLVPHDVXUHGFHUWDLQGLVWDQFHQH[WWRWKHZKHHOZKHUHWKHGHIOHFWLRQKDVQRW
\HWKDGWKHWLPHWRUHWXUQHQWLUHO\7KHPHDVXUHPHQWRIDSDUWLDOGHIOHFWLRQOHDGVWRPRGHOOLQJLQ





7KH &]HFK 7HFKQLFDO 8QLYHUVLW\ LQ 3UDJXH DQG .=9 .RPHUFQL =HOH]QLFQL 9\]NXP KDYH
GHYHORSHGDPHDVXUHPHQWGHYLFH6.07WRPHDVXUHFRQWLQXRXVWUDFNVWLIIQHVV7KHPHDVXUHPHQW
SULQFLSOHRIWKHHTXLSPHQWLVEDVHGRQFKRUGPHDVXUHPHQWZKLFKKDVEHHQUHDOLVHGE\EXLOGLQJ








Figure 2.28. SKMT, the Czech measurement device (Berggren 2005). 













Figure 2.29. Swiss SBB’s stiffness measurement system (RIVAS 2013). 
,QVSLWHRIEHLQJFRPSRVHGRIVHYHUDOVHSDUDWHYHKLFOHVWKH6ZLVVPHDVXUHPHQWV\VWHPLVYHU\
VLPSOHDQG LQSULQFLSOHFDQEH FRQQHFWHG WR DQ\ZDJRQ ,WVPHDVXUHPHQW V\VWHP LVEDVHGRQ
GLJLWDOGLVSODFHPHQWVHQVRUV+HLGHQKDLQ/6LQFUHPHQWDOVHQVRUV5,9$6
Measurement based on accelerometers 



















Traffic speed deflectometer 














FRUUHVSRQGLQJ DEVROXWH GHIOHFWLRQZDV DERXW PP ,W KDV EHHQ VXJJHVWHG WKDW WKH DEVROXWH
PHDVXUHPHQWDFFXUDF\LPSURYHVDVWKHGULYLQJVSHHGDQGWKXVDOVRWKHGHIOHFWLRQVSHHGLQFUHDVHV
,Q UDLOZD\ DSSOLFDWLRQV WKH DEVROXWH GHIOHFWLRQ ZRXOG RIWHQ EH PDQ\ WLPHV JUHDWHU WKXV WKH
GHIOHFWLRQVSHHGFRXOGDOVREHJUHDWHUDQGWKHGULYLQJVSHHGFRXOGEHFOHDUO\KLJKHU7KHUHIRUH
WKHPHDVXUHPHQWDFFXUDF\RI WKHGHIOHFWLRQVSHHG LQ UDLOZD\DSSOLFDWLRQVPLJKWEHHYHQEHWWHU
WKDQLWLVLQURDGDSSOLFDWLRQV
7KHPHDVXUHPHQWV\VWHPUHTXLUHVRQHVHQVRUWRPHDVXUHWKHGHIOHFWLRQVSHHGDWDGHVLUHGORFDWLRQ
LQ WKH GHIOHFWLRQ EDVLQ DQG DQRWKHU VHQVRU WR PHDVXUH WKH URXJKQHVV RI WKH URDG RXWVLGH WKH
GHIOHFWLRQEDVLQ ,Q DGGLWLRQ DFFHOHURPHWHU VHQVRUV DQGJ\URVFRSHV DUH QHHGHG WRPHDVXUH WKH
PRYHPHQWVRIWKHYHKLFOHEHFDXVHWKHPHDVXUHPHQWLVFDUULHGRXWLQUHODWLRQWRWKHWUDLOHUZLWK
VXVSHQVLRQDQGWKHYHUWLFDOPRYHPHQWVPDGHSRVVLEOHE\WKHWUDLOHU¶VVXVSHQVLRQV\VWHPDUHDOVR




DGGV WR WKH GHIOHFWLRQ VSHHG D FRPSRQHQW IURP WKH GULYLQJ VSHHG 7KLV HDVLO\ LQFUHDVHV WKH
PHWKRG¶VLQDFFXUDF\EHFDXVHWKHGULYLQJVSHHGLVRIWHQDKXQGUHGIROGLQFRPSDULVRQZLWKWKH
GHIOHFWLRQVSHHG
,I WKH LQWHQWLRQRI WKHPHDVXUHPHQW LV WR ILQG WKHDEVROXWHGHIOHFWLRQPRUHVHQVRUVDUHQHHGHG
DORQJ WKH GHIOHFWLRQ EDVLQ VR WKDW RQ WKH EDVLV RI WKHLU UHDGLQJV WKH GHIOHFWLRQ VSHHGV FDQ EH
LQWHJUDWHGLQWRGLVSODFHPHQWV:LWK76'LWLVQRWSRVVLEOHWRPHDVXUHWKHPD[LPXPGHIOHFWLRQ
GLUHFWO\ DW WKH SRVLWLRQ RI WKH ZKHHO EHFDXVH WKH GHIOHFWLRQ VSHHG DW WKDW SRLQW LV ]HUR 7KH
PHDVXUHPHQWLVDWLWVPRVWVHQVLWLYHDWWKHVWHHSHVWSRLQWRIWKHGHIOHFWLRQEDVLQVOLJKWO\LQIURQWRI
RUEHKLQGWKHZKHHOWRZDUGVWKHGULYLQJGLUHFWLRQ
,Q WKHVH PHDVXUHPHQW DUUDQJHPHQWV WKHUH DUH D QXPEHU RI VLPLODULWLHV ZLWK WKH RSHUDWLQJ
SULQFLSOHVRIPHDVXUHPHQWGHYLFHVIRUWUDFNVWLIIQHVV,QDUDLOZD\DSSOLFDWLRQWKHPHDVXUHPHQW






















SLSHZLWK OLTXLGDQGDSUHVVXUHJDXJH LV LQVWDOOHGXQGHU WKHHPEDQNPHQW7KHHOHYDWLRQRI WKH







Robotic total station 
'LVSODFHPHQWPHDVXUHPHQWVFDQEHFDUULHGRXWUHOLDEO\ZLWKDWRWDOVWDWLRQ6KDUPD7KH
GHYLFHFDQPHDVXUHPRYHPHQWVZLWKLQ WKUHHFRRUGLQDWHV ,Q VHYHUDO FDVHVPDQXDO WRWDOVWDWLRQ
PHDVXUHPHQWVDUHWKHPRVWHFRQRPLFDOVROXWLRQ7KHPDUNHWVDOVRSURYLGHURERWLFWRWDOVWDWLRQV
ZLWKZKLFKWKHPHDVXUHPHQWFDQEHFDUULHGRXWDXWRPDWLFDOO\DQGLQUHDOWLPH,QPRQLWRULQJWKH
URERWLF WRWDO VWDWLRQ LV IL[HG LQWR DPRWLRQOHVVSRVLWLRQ WKDWRIIHUV DQXQREVWUXFWHGYLHZ WR WKH






UHVXOW XQGHU JRRG FRQGLWLRQV LW KDV LWV VKRUWFRPLQJV )RU H[DPSOH VQRZ DQG LFH FUHDWH
FRPSOLFDWLRQV UHJDUGLQJ WKH YLVLELOLW\ RI WKH SULVPV DQG WKH SULVPV PD\ IURVW 0RUHRYHU




Figure 2.31. Monitoring movements of the walls of an open mine with a robotic tachymeter in 




OHDVW KRUL]RQWDO PRYHPHQWV FDQ EH GHWHFWHG EHIRUH WKH PRYHPHQWV JURZ WRR ODUJH IURP WKH
SHUVSHFWLYHRIWUDIILFVDIHW\0DQXDOPHDVXUHPHQWVFDQEHWDNHQFRQVLGHUDEO\IDVWHUWKDQZLWKD
WDFK\PHWHUEHFDXVHRQO\RQHSHUVRQLVQHHGHGIRUWKHMRE
*36GHYLFHV FDQDOVREH DXWRPDWHG$W WKH WLPHRIZULWLQJ WKHVHNLQGVRI VLWHV IRU DXWRPDWLF





1RW HYHQ D KHDY\ VQRZ FDQ SUHYHQW FDUU\LQJ RXW PHDVXUHPHQWV DOWKRXJK WKLV ZRXOG JUHDWO\
KDPSHUWRWDOVWDWLRQPHDVXUHPHQWV7KHJUHDWHVWFKDOOHQJHLQWKHXVHRI*36PHDVXUHPHQWLVWKH









WR WKH WXEH¶V ORZHU SDUW LQ SDUWLFXODU 7UDGLWLRQDOO\ WKHVH PHDVXUHPHQWV KDYH EHHQ PDQXDOO\
FRQGXFWHG)RUWKHPHDVXUHPHQWWKHLQFOLQRPHWHULVORZHUHGLQWRWKHWXEHDQGWKHHTXDOO\VSDFHG
PHDVXUHPHQW UHDGLQJV DUH WDNHQ IURP GLIIHUHQW GHSWKV %\ UHSHDWLQJ WKH PHDVXUHPHQWV
LQIRUPDWLRQDERXWWKHPRYHPHQWVRIWKHWXEHDQGWKXVDOVRWKHODWHUDOPRYHPHQWVRIWKHVRLOLQ
UHODWLRQWRWLPHDUHREWDLQHGIURPGLIIHUHQWGHSWKV
$Q LPSRUWDQW VWHS LQ WKH KLVWRU\ RI LQFOLQRPHWHU GHYHORSPHQW LV WKHLU DXWRPDWLRQ 7KHUH DUH












Cable radar measurement 
,Q'HO0DU&DOLIRUQLD86$DWUDFNHPEDQNPHQW ORFDWHGRQDFRDVWDOEOXIIZDVLQVWUXPHQWHG
ZLWKDFRD[LDOFDEOHDQGDFDEOHUDGDUWLPHGRPDLQUHIOHFWRPHWHU7'5.DQHHWDO$
QHDUO\ PORQJ FDEOH ZDV LQVWDOOHG DW D GHSWK RI KDOI D PHWUH LQWR D FDEOH WUHQFK








EXWQRW WKHPDJQLWXGHRI WKHPRYHPHQW&DOLEUDWLRQPLJKWSURYLGHVRPH LQGLFDWLRQVDERXW WKH
PDJQLWXGHRIWKHPRYHPHQWEXWWKHGLUHFWLRQRIWKHPRYHPHQWPXVWEHGHULYHGE\RWKHUPHDQV
Invar steel wire sensors 
,QYDUVWHHOZLUHVHQVRUVZHUHGHVLJQHGIRUWKHPHDVXUHPHQWRIVRLOPRYHPHQWVLQSDUWLFXODU.LQJ



















,Q WKHPHWKRGGHVFULEHG REVHUYDWLRQ RI WKH IURVW SHQHWUDWLRQ GHSWK LV EDVHG RQ WKH ]HURSRLQW
WHPSHUDWXUHZKLFKLVDJRRGHVWLPDWLRQRIWKHGHSWKRIIURVWLQPRVWFDVHV7REHPRUHSUHFLVH
VRLO IUHH]LQJ RFFXUV DW VOLJKWO\ EHORZ & EHFDXVH LQ WKH SDUWLDOO\ IUR]HQ OD\HU WKH ZDWHU LV
VXSHUFRROHG.RRSPDUVHWDO+LJKVDOLQLW\IXUWKHUORZHUVWKHIUHH]LQJSRLQWRIZDWHU7KXV
LW LV GLIILFXOW WR GHWHUPLQH WKH ORFDWLRQ RI WKH IURVW SHQHWUDWLRQ GHSWK VROHO\ RQ WKH EDVLV RI
WHPSHUDWXUH $ PRUH DGYDQFHG ZD\ RI GHILQLQJ WKH IURVW SHQHWUDWLRQ GHSWK RQ WKH EDVLV RI
WHPSHUDWXUH LV WRXVH VHYHUDO WHPSHUDWXUH VHQVRUV IRU WKH HVWLPDWLRQRI WKH IUHH]LQJSRLQW 7KH
UHDGLQJ RI WHPSHUDWXUH VHQVRUV FDQ EH DXWRPDWHG DQG WKXV LW LV SRVVLEOH WR REWDLQ UHDOWLPH




7KH IURVW SHQHWUDWLRQ GHSWK FDQ EH IRXQGQRW RQO\ZLWK WKH KHOS RI WHPSHUDWXUH EXW DOVRZLWK
HOHFWULFDOFRQGXFWLYLW\RUE\GLHOHFWULFPHDQV+D\KRHHWDODPRQJRWKHUVQRWHGWKDWWKH
HOHFWULFDOFRQGXFWLYLW\RIIUR]HQJURXQGLVQHDU]HUREXWWKHVRLOGRHVQRWQHFHVVDULO\IUHH]HDW]HUR





GHSWK EDVHG RQ HOHFWULFDO FRQGXFWLYLW\ DQG GLHOHFWULFLW\ 7KH VRXUFH UHJDUGV7'5 VHQVRUV DV D
PHWKRGWREHVHULRXVO\FRQVLGHUHGIRUWKHHVWLPDWLRQRIIURVWGHSWKEXWQRWHVWKDWWKHOD\HUE\



















GHVFULEH WKH DGYDQWDJHV RI WKHPHWKRG0HDVXUHPHQW IURP DPRYLQJ YHKLFOH UHTXLUHV D JRRG
SRVLWLRQLQJ PHWKRG DQG 57.*36 SURYLGHV D VROXWLRQ WR WKLV SUREOHP %DVLFDOO\ DOO WKH
PHDVXUHPHQWPHWKRGVIRUVHWWOHPHQWDUHDOVRVXLWDEOHIRUPHDVXULQJIURVWKHDYH)URVWKHDYHLVD
VHDVRQDO HYHQW KRZHYHU DQG WR XQGHUVWDQG WKH UHDVRQV IRU WKH SKHQRPHQRQ DQG VXLWDEOH





7KHUH DUH VHYHUDO PHWKRGV WR PRQLWRU GHIRUPDWLRQV WKDW DUH RQO\ ZHOO VXLWHG WR WKHLU OLPLWHG
LQGLYLGXDO SXUSRVHV *HRWHFKQLFDO PHDVXULQJ VHQVRUV DUH RIWHQ PDQXIDFWXUHG E\ FRPPHUFLDO
RSHUDWRUVEXWUHODWLYHO\IHZHTXLSPHQWPDQXIDFWXUHUVVSHFLDOLVHLQWKHPHDVXUHPHQWRIYHUWLFDO
GHIRUPDWLRQVLQURDGDQGUDLOZD\VWUXFWXUHV7KHUHIRUHDQXPEHURIUHVHDUFKSURMHFWVKDYHEHHQ
IRUFHG WRFRQVWUXFWVXFKGHYLFHV WKHPVHOYHV WRPHHW WKHLU UHTXLUHPHQWV7KLVFKDSWHUGHVFULEHV
VRPH RI WKH SRLQWEDVHG PRQLWRULQJ PHWKRGV GHYHORSHG IRU 787¶V UHVHDUFK SURMHFWV 7KH
PHDVXULQJPHWKRGVZHUHGHYHORSHGLQWRWKHLUFXUUHQWIRUPGHVFULEHGLQWKLVVWXG\E\WKHDXWKRU





D YHKLFOH LV SDVVLQJ RYHU D FHUWDLQ VSRW $ VWDWLF PHWKRG UHIHUV WR PHDVXUHPHQWV WDNHQ OHVV
IUHTXHQWO\HJRQFHDQKRXUWRDQDO\VHSHUPDQHQWGHIRUPDWLRQV
$IWHU WKHGHVFULSWLRQRI WKHPHDVXULQJPHWKRGVHDFKSDUDJUDSKLQ&KDSWHUSURYLGHVDFDVH





$FFHOHUDWLRQ VHQVRUV KDYH EHFRPH VLJQLILFDQWO\ VPDOOHU DQG OHVV H[SHQVLYH RYHU WKH SDVW IHZ







,QVWHDG RI DFFHOHUDWLRQ H[SHUWV LQ JHRWHFKQLFDO HQJLQHHULQJ DUH XVXDOO\ LQWHUHVWHG LQ WKH
GLVSODFHPHQWRIDVWUXFWXUH7KHPHDVXUHPHQWUHVXOWIURPDQDFFHOHUDWLRQVHQVRULVFRQYHUWHGLQWR
DGLVSODFHPHQWZLWKDGRXEOHLQWHJUDO(TXDWLRQVDQG
 ݒሺݐሻ ൌ  ׬ ܽሺݐሻ݀ݐ        







7KHDFFHOHUDWLRQ VLJQDO LV FRQYHUWHG LQWRYLEUDWLRQYHORFLW\ZLWK D VSHFLILF LQWHJUDO VR WKDW WKH
VXUIDFHDUHDEHWZHHQWKHDFFHOHUDWLRQVLJQDODQGWKHWHPSRUDOD[LVLVDGGHGDVGLIIHUHQWLDOO\VPDOO
VOLFHVLQUHODWLRQWRWLPH)LJXUH7KHPRVWQDWXUDOSHULRGIRUFDOFXODWLQJWKHLQWHJUDOLVWKH
VDPSOH LQWHUYDO GHWHUPLQHG E\ WKH PHDVXUHPHQW IUHTXHQF\ 7KH LQWHJUDO LV UHSHDWHG IRU WKH
FDOFXODWHGVSHHGVLJQDODQGWKHUHVXOWLQGLFDWHVWKHGLVSODFHPHQW

Figure 3.1. Calculating speed with the acceleration signal. 
$FFHOHUDWLRQVHQVRUVZRUNLQGLUHFWO\EHFDXVHWKH\DUHXVHGWRPHDVXUHDFFHOHUDWLRQZKLFKLVWKHQ














 ZKLFK FDQ EH XVHG WR FRQGXFW KLJKSDVV ILOWHULQJ IRU WKH DFFHOHUDWLRQ VLJQDO EHIRUH
LQWHJUDWLRQ$KLJKSDVVILOWHUH[FOXGHVDOOWKHIUHTXHQFLHVEHORZDVHWOLPLWIURPWKHDFFHOHUDWLRQ
VLJQDODQGVLPXOWDQHRXVO\DOVRDQ\HUURUVUHODWHGWRWKHVHQVRU¶VRIIVHW:LWKILOWHUVFUHHSLQJLV





















Figure 3.2. Acceleration sensor SCA620 used to monitor a road structure. The acceleration 
sensor components are very small. In practice, the size of a sensor depends on the 















LQ VWHHO VKHDU ZDYHV WUDYHO IURP D GLVWDQFH WR WKH PHDVXUHPHQW SRLQW FDXVLQJ XQQHFHVVDU\
LQWHUIHUHQFHZKHQGHWHUPLQLQJWUDFNGHIOHFWLRQFDXVHGE\DVLQJOHD[OH6WUDLQJDXJHW\SHVHQVRUV
HJ .\RZD $6% KDYH EHHQ IRXQG WR EH WKH RQO\ XVHIXO VHQVRU W\SH IRU WDNLQJ UDLO
PHDVXUHPHQWV)LJXUH0HDVXULQJDGHIOHFWLRQFDXVHGE\DZKHHOWKDWLVLQJRRGFRQGLWLRQLV
UHODWLYHO\HDV\ZLWKWKHVHVHQVRUVEXWWKHDFFHOHUDWLRQVFDXVHGE\ZKHHOIODWVLQWHUIHUHZLWKWKH
GDWD LQWHUSUHWDWLRQ 6RPH RI WKHZHDNQHVVHV RI VWUDLQJDXJHW\SH VHQVRUV LQFOXGH WKHLU OLPLWHG
OLIHF\FOHDQGDPRUHH[SHQVLYHGDWDFROOHFWLRQV\VWHPUHTXLUHGWRUHDGWKHVHQVRUV

Figure 3.4. An example of using acceleration sensors to take measurements of recoverable 
settlement of a sleeper. The sensors are located outside the rails at the ends of the sleepers. 


Figure 3.5. Acceleration sensor AS-20B manufactured by Kyowa. 
 'HIRUPDWLRQVHQVRUV
6WUXFWXUDO GHIRUPDWLRQV PXVW RIWHQ EH PHDVXUHG IURP LQVLGH D VWUXFWXUH DW YDULRXV GHSWKV
















Figure 3.6. Principle of a deformation sensor and its various development versions. 
6HYHUDOVHQVRUPRGHOVKDYHEHHQGHYHORSHGEHFDXVHHDFKPRGHOKDVLWVSURVDQGFRQV )LJXUH
0RVWRIWKHPHDVXUHGGHIRUPDWLRQVDUHUHODWLYHO\VPDOORQO\DIHZKXQGUHGPLFURVWUDLQVDW














DW DSSUR[LPDWHO\ PLFURVWUDLQV 7KHUHIRUH YDULRXV W\SHV RI GLVSODFHPHQW VHQVRUV DQG D
VWUXFWXUHWKDWDOORZVPRUHH[WHQVLYHPRYHPHQWKDYHEHHQXWLOLVHGLQGHIRUPDWLRQVHQVRUV
7KH VHQVRU W\SH XVHG LQ WKH ILUVW GHIRUPDWLRQ VHQVRUV ZDV ,$6$,/ 7KLV ZDWHUWLJKW




GHIRUPDWLRQV LQFUHDVLQJ EH\RQG PP GXH WR ZKLFK WKH VHQVRUV DUH QR ORQJHU ZLWKLQ WKHLU
PHDVXUHPHQW UDQJH 7KHUH KDV DOVR EHHQ D FHUWDLQ DPRXQW RI QRLVH LQ WKH VHQVRUVZKLFK KDV
KLQGHUHGWKHLQWHUSUHWDWLRQRIWKHPHDVXUHPHQWUHVXOWV

Figure 3.7. (a) Deformation sensors being installed, (b) a model equipped with an inductive 




ZLOODOORZDPHDVXULQJDFFXUDF\RI DSSUR[LPDWHO\RI WKHPHDVXUHPHQW UDQJH ,QRWKHU








WHVWV WKHVHQVRU¶V LQVWDOODWLRQ ORFDWLRQZDVDOPRVWGU\ZKLFKPDGH WKHXVHRI WKLVVHQVRU W\SH




7KH IRXUWK VHQVRU ZKLFK DOVR FRQVLVWV RI FRQFHQWULF VWHHO SLSHV DQG RSHUDWHV ZLWK WKH VDPH
SULQFLSOHZDVLQWHQGHGIRUPHDVXULQJGHIRUPDWLRQVLQORZLQVWDOOHGFXOYHUWV7KHSLSHVFRQWDLQD











ORDGLQJ LPSDFW WR WKH VWUXFWXUH GHFUHDVHV UDSLGO\ DV WKH GHSWK LQFUHDVHV 7KH XVH RI D VLPLODU
PHDVXULQJPHWKRGLQUDLOZD\VWUXFWXUHVGLUHFWO\EHORZDVOHHSHULVMXVWLILHGEXWRWKHUZLVHWKH













LQVWDOOHG DERYH WKH JURXQGZDWHU OHYHO ,Q DGGLWLRQ WR IDFWRUV UHODWHG WR WKH LQVWDOODWLRQ WKH
OLPLWDWLRQV LQFOXGH WKH VHQVRUV ZKLFK DUH QRW ZDWHUWLJKW :LWK 0'' WKH DQFKRULQJ RI WKH




Figure 3.8. Two different MDD devices. On the left is the Dynatest version and on the right the 
schematic of CTLGroup’s version (Dynatest 2014, Weinmann et al. 2004). 
1HLWKHUGHYLFHFDQEHLQVWDOOHGZLWKLQMXVWDIHZKRXUVZKLFKLVRIWHQQHFHVVDU\LQWKHUDLOZD\

























































Figure 3.10. Installing MDD. The sensor element was installed in a 50-mm hole made with a 




























Figure 3.11. Some of the installation phases of a sensor measuring deflections in the pavement. 
$ GLVSODFHPHQW VHQVRU PHDVXULQJ WKH UHODWLRQ RI WKH GULOOLQJ URG IXQFWLRQV VLPLODUO\ WR DQ
DFFHOHUDWLRQ VHQVRU LQVWDOOHG RQ D URDG VXUIDFH LH LWPHDVXUHV WKH GHIOHFWLRQ RI WKH VXUIDFH
$FFHOHUDWLRQVHQVRUVFDQRQO\EHXVHGWRPHDVXUHG\QDPLFHYHQWVZKHUHDVDVROXWLRQWKDWLVEDVHG


























SLSH FRQWDLQLQJ VL[ SUHVVXUH VHQVRUV ZDV EXLOW IRU WKLV SXUSRVH'LJLWDO 6&3 DLU SUHVVXUH
VHQVRUVPDQXIDFWXUHGE\97,7HFKQRORJLHVZHUHXVHG7KHSUHVVXUHVHQVRUVZHUHLQVWDOOHGRQD







Figure 3.12. A pressure sensor circuit read through serial communication. The size of the circuit 
board is about 80 × 20 mm. The pressure sensor component itself is located at the centre of the 








JUDSK KDG DQ LPSDFW RI D IHZ PLOOLPHWUHV RQ WKH SUHVVXUH PHDVXUHPHQWV ,Q DGGLWLRQ WKH
PHDVXUHPHQWVH[KLELWHGVRPHVORZFUHHSLQJWKHFDXVHRIZKLFKFRXOGQRWEHLGHQWLILHG2QWKH
EDVLV RI WKH WHVWV LWZDV FRQFOXGHG WKDW WKH VHQVRUV UHTXLUH FDOLEUDWLQJ LI WKH DEVROXWH YHUWLFDO
SRVLWLRQPXVWEHNQRZQZLWKLQPP+RZHYHULIRQO\VHWWOHPHQWLQUHODWLRQWRWLPHLVUHTXLUHG










WR LPPHUVH WKH VHQVRUV LQ RLO (OHFWURQLFV FDQ IXQFWLRQ ZLWKRXW DQ\ SURWHFWLRQ LQ FOHDQ RLO
7KHUHIRUH WKHFLUFXLWERDUGVZHUHSODFHGZLWKRXWSURWHFWLRQ LQVLGH WKHVHWWOHPHQWSLSHDQGQR
H[SHQVLYHFDSVXOHVZHUHQHHGHGIRU WKHVHQVRUV%LRGHJUDGDEOHK\GUDXOLFRLOZKLFK LVXVHG LQ
H[FDYDWRUV DQG IRUHVW WUDFWRUV IRU H[DPSOH KDV DOVR EHHQ XVHG ZKHQ FRQGXFWLQJ ILHOG
PHDVXUHPHQWV,QWKLVZD\WKHULVNRIHQYLURQPHQWDOGDPDJHIURPDQRLOVSLOOLVPLQLPLVHG
,Q DGGLWLRQ WR WKH VHQVRU¶V WHPSHUDWXUH GHSHQGHQF\ WKH DFFXUDF\ RI WKHPHDVXULQJPHWKRG LV
LQIOXHQFHGE\WKHWKHUPDOH[SDQVLRQRIWKHIOXLG(YHU\OLTXLGKDVLWVRZQFRHIILFLHQWRIWKHUPDO



































WHPSHUDWXUH VHQVRUV ZHUH LQVWDOOHG LQ WKH VWUXFWXUH XS WR D GHSWK RI  P WR GHWHUPLQH WKH
WHPSHUDWXUHJUDGLHQWRIXQIUR]HQJURXQGDVZHOO7KH WHPSHUDWXUHVHQVRUVZHUHSODFHGRQ WZR





















LQ WKHREVHUYDWLRQDQGD OLQH LVGUDZQWKURXJK WKHLUPHDVXUHPHQWV LQ WKHFRRUGLQDWHV\VWHPRI
WHPSHUDWXUH DQG GHSWK )LJXUH  $ 7KH OLQH¶V LQWHUVHFWLRQ ZLWK WKH ]HUR SRLQW RI WKH
WHPSHUDWXUHPDUNVWKHGHSWKRIWKHIURVWOLQHLIWKHIURVWOLQHLVORFDWHGDWH[DFWO\&,QUHDOLW\
WKH IURVW OLQH PD\ EH ORFDWHG VOLJKWO\ KLJKHU EHFDXVH ZDWHU RQO\ IUHH]HV FRPSOHWHO\ DW D
WHPSHUDWXUH MXVWXQGHU&GHSHQGLQJRQ WKHPDWHULDO¶VVSHFLILFVXUIDFHDUHDVDOW FRQWHQWDQG
RWKHUVLPLODUIDFWRUV.XMDOD/LQHDUH[WUDSRODWLRQRQWKHIUR]HQJURXQG¶VVLGHLVDOVRQRWDV




Figure 3.14. Ways of determining the frost line (i.e. the zero point of temperature). In option A, 
the zero point is determined based on the temperature gradient of unfrozen ground. This will 
yield a more accurate result compared with the more simple option B. 
  

Measuring frost heave 
$IL[HGUHIHUHQFHSRLQWLVUHTXLUHGLQRUGHUWRPHDVXUHIURVWKHDYHDQGRQHFDQEHFRQVWUXFWHG








P $Q DGDSWHU ZDV DWWDFKHG WR WKH WRS RI WKH DQFKRU URG IRU WKH GLVSODFHPHQW VHQVRU 7KH





























UHVHDUFKHU 7KH DLP RI WKH LQVWUXPHQWDWLRQZDV WR GHYHORS D QHZPHDVXUHPHQW WHFKQLTXH IRU
HVWLPDWLRQRIWKHVHUYLFHOLIHRIDURDGVWUXFWXUH7KH9HVLODKWLWHVWVLWH0WLVORFDWHGNP



















Figure 3.17. Deflection of the road surface caused by a truck and measured by accelerometers  






'HIOHFWLRQV RI WKH SDYHPHQW VXUIDFH FDQ EH GHWHUPLQHG DXWRPDWLFDOO\ IRU HYHU\ SDVVLQJ D[OH
,QIRUPDWLRQ UHJDUGLQJ D[OHVSHFLILF GHIOHFWLRQV LV YHU\ LPSRUWDQW LQ FXPXODWLYH WUDIILF ORDGLQJ
FDOFXODWLRQV ,Q )LQODQG WKH SDYHPHQW VWLIIQHVV DOVR FKDQJHV GUDPDWLFDOO\ GXULQJ D \HDU
'HIOHFWLRQVDUHYHU\VPDOOLQWKHZLQWHUZKHQWKHSDYHPHQWLVIUR]HQ%HFDXVHWKHDVSKDOWOD\HUV
DUHUHODWLYHO\WKLQGHIOHFWLRQVLQWKHVXPPHUDUHUDWKHUODUJH7KHHIIHFWRIVHDVRQDOYDULDWLRQLV










7KH GDLO\ GHIOHFWLRQV FDXVHG E\ WKH EXV ZHUH FDOFXODWHG GXULQJ D WKUHHPRQWK SHULRG 7KH









Figure 3.18. Deflection of the road surface during the time period caused by a school bus. 











































































Figure 3.20. Shape of the deflection basin of the road surface with different frost depths 




,QWKHRU\ WKHHODVWLFPRGXOXVRIWKHIUR]HQDJJUHJDWHFRXOGEHEDFNFDOFXODWHG ,QSUDFWLFH WKH
EDFNFDOFXODWLRQVIRUSDUWLDOO\IUR]HQPDWHULDOVDUHQRWWKDWVLPSOHGXHWRWKHUHPDUNDEOHGLIIHUHQFHV






































































 7KH ORDGLQJ KLVWRU\ DIIHFWV WKH PRELOLVLQJ GHIRUPDWLRQ OHYHO &RQVHFXWLYH SDVVHV E\






WKHPRVWFRPPRQW\SHRIVWUXFWXUH LVD WUDQVLWLRQVODE787WRJHWKHUZLWK WKH)LQQLVKUDLOZD\

















DSSURDFKHVZHUH LPSURYHGE\ LQVWDOOLQJ WUDQVLWLRQ VODEV WR ERWK WKH EULGJH HQGV 6RPHEULGJH







Table 3.1. Monitored bridges in 2008. 
/RFDWLRQ
NPP
%ULGJH 7\SH 7DPSLQJ 3URFHGXUH
 +LUYLMlUYL &RQWVODE  &RUQHUUHWZDOO
HOHP
 +\|QlOl )UDPH  &RUQHUUHWZDOO
HOHP
 .HLMlUYL )UDPH  1RSURFHGXUH
 0DUMDODPSL &RQWEHDP WLPHVD\HDU 6KHHWSLOHZDOO
 5DVLQNXMD ² WLPHD\HDU &RUQHUUHWZDOO
HOHP
 9DKRMlUYL,, &RQWKROOVODE  &RUQHUUHWZDOO
HOHP
 9DKRQNRVNL 6ODE  &RUQHUUHWZDOO
HOHP
 9LKDWWXOD )UDPH  &RUQHUUHWZDOO
HOHP
 9LLWDKDUMX )UDPH WLPHVD\HDU &RUQHUUHWZDOO
HOHP






7KH PDLQ FRQFHUQ ZDV WKH HPEDQNPHQW ZKHUH WKH YHUWLFDO GLVSODFHPHQW RI WKH VOHHSHU ZDV
W\SLFDOO\±PP7KHWUDFNVWLIIQHVVYDULHGRQWKHWUDQVLWLRQ]RQHEXWWKHYDULDWLRQZDVQRW











)LJXUH  VKRZV DQ H[DPSOH IURP D W\SLFDO VWHHO EULGJH RYHU WKH ULYHU bKWlYlQMRNL 6RPH
SURSHUWLHVRIWKHPRQLWRUHGEULGJHVDUHJLYHQLQ7DEOH
Table 3.2. Monitored bridges in 2009. 
/RFDWLRQ
NPP
%ULGJH 8VDJH 7\SH 3URFHGXUH EHIRUH WKH 
PHDVXUHPHQWV
 bKWlYlQMRNL 2YHUULYHU 6WHHO &RUQHUUHWZDOOHOHPWUDQVLWLRQVODE
 'DODElFNHQ 2YHUULYHU &RQFIUDPH 
 .DWWHUQ| 8QGHUSDVV &RQFIUDPH 
 .ROSSL 8QGHUSDVV &RQFFRQWEHDP &RUQHUUHWZDOOHOHPPDVVUHSODFHP
 .UXXQXQN\OlQMRNL 2YHUULYHU 6WHHO &RUQHUUHWZDOOHOHPWUDQVLWLRQVODE
 2KWXDQRMD 2YHUULYHU 6WHHO 
 5XRWVLQRMD 2YHUULYHU 6WHHO 
 6LLNDMRNL 2YHUULYHU 6WHHO 
 7HPPHVMRNL 2YHUULYHU 6WHHO 
 7RUSSL 8QGHUSDVV &RQFIUDPH 
 7|VVEDFND 8QGHUSDVV &RQFFRQWEHDP 

7KH ULYHU HPEDQNPHQWV DUH W\SLFDOO\ ORFDWHG RQ VRIW VRLO DQG SHUPDQHQW GHIRUPDWLRQ
DFFXPXODWLRQRQ WKH WUDQVLWLRQ]RQH LV FRPPRQ7KHDEXWPHQWVDUHPDGHRI VWRQHEORFNVDQG
VRPHWLPHVWKH\DUHVXSSRUWHGE\SLOHV6HYHQEULGJHVRIWKLVW\SHZHUHPRQLWRUHG7KHRWKHUIRXU
EULGJHV ZHUH XQGHUSDVV FRQFUHWH EULGJHV $OO WKH EULGJHV ZHUH PRQLWRUHG E\ VLPLODU
LQVWUXPHQWDWLRQDVVKRZQHDUOLHULQ)LJXUH











SRRU RQ VRPH EULGJH DSSURDFKHV (VSHFLDOO\ RQ 5XRWVLQRMD 7RUSSL .UXXQXQN\OlQMRNL DQG
6LLNDMRNLEULGJHVWKHVFDWWHULQJRIWKHPHDVXUHPHQWUHVXOWVRQFRQVHFXWLYHVOHHSHUVZDVYHU\ODUJH








Figure 3.25. Measurement results of bridge approach monitoring in the Seinäjoki-Oulu line. The 




























Figure 3.26. Measurement result comparison of two measurement rounds. Measurements were 
taken before maintenance in 2009 and after maintenance in 2011.
Main findings 
 7KH DFFHOHURPHWHUV DUH VXLWDEOH IRUPHDVXULQJ UHFRYHUDEOH WUDFN GHIOHFWLRQ DQG VOHHSHU
GLVSODFHPHQWFDXVHGE\UROOLQJVWRFN
 $ EDOODVWHG UDLOZD\ WUDFN EULGJH GRHV QRW XVXDOO\ FDXVH VLJQLILFDQW VWLIIQHVV YDULDWLRQ
6WLIIQHVVSUREOHPVRFFXU ILUVWDVKDQJLQJVOHHSHUVQH[W WR WKHEULGJH7KLV LVGXH WR WKH
GLIIHUHQW VSHHG RI SHUPDQHQW GHIRUPDWLRQ DFFXPXODWLRQ EHWZHHQ WKH EULGJH DQG WKH
HPEDQNPHQW








PRQLWRULQJ SXUSRVHV 7KH DLPZDV WRPHDVXUH IURVW KHDYH DQG SHUPDQHQW GHIRUPDWLRQ LQ WKH
















Figure 3.28.  Layered compression of the embankment in relation to an anchor at a depth of 3 
m, determined with MDD. 
0'' ZDV DOVR XVHG WR PHDVXUH IURVW KHDYH 7KH WRWDO IURVW KHDYH FDOFXODWHG EDVHG RQ WKH
PHDVXULQJUHVXOWVWKHIURVWKHDYHRFFXUULQJDWDGHSWKRI±PDQGWKHIURVWKHDYHPHDVXUHG
ZLWKDGLVSODFHPHQWVHQVRUIURPWKHDGMDFHQWVOHHSHULQUHODWLRQWRWLPHDUHSUHVHQWHGLQ)LJXUH
7KH WRWDO IURVW KHDYHPHDVXUHG IURP DGMDFHQW VOHHSHUVXVLQJGLIIHUHQWPHWKRGVZDVYHU\
VLPLODU7KHILJXUHVKRZVWKDWWKHIURVWKHDYHRFFXUUHGDOPRVWFRPSOHWHO\DWDGHSWKRI±P
7KH VDPH FRQFOXVLRQ FDQ EH GUDZQ IURP WKH IURVW OLQH FDOFXODWHG EDVHG RQ WKH WHPSHUDWXUH
PHDVXUHPHQWV7KHIURVWKHDYHPRVWO\WRRNSODFHZKHQWKHIURVWOLQHZDVORFDWHGDWDGHSWKRI




Figure 3.29. Total frost heave and frost heave between 0.5 and 1.0 m measured with MDD, and 






















RQ D URDG VWUXFWXUH DQG WKXV VWXG\ WKH EHQHILWV RI ORZ W\UH SUHVVXUH LQ UHGXFLQJ SHUPDQHQW
GHIRUPDWLRQV LQ URDG VWUXFWXUHV )RXU SUHVVXUH FHOOV ZHUH LQVWDOOHG LQ WKH VWUXFWXUH DW YDU\LQJ
GHSWKVDQGRQHVWUDLQJDXJHZDVSODFHGLQWKHEDVHFRXUVHOD\HU)LJXUH

Figure 3.30. Sensor locations at the beginning of the Stynie Wood tests (Vuorimies et al. 2012). 
7KH VWUDLQ JDXJH ZDV RQO\ LQVWDOOHG IRU WHVW SXUSRVHV VR WKDW WKH UHVXOWV FRXOG SURYLGH VRPH
LQWHUHVWLQJILQGLQJVRQWKHEHKDYLRXURIWKHEDVHFRXUVHOD\HU7KHPDLQIRFXVRIWKHWHVWZDVRQ
WKHVWUHVVHVQRWRQGHIRUPDWLRQV+RZHYHUWKHPRQLWRULQJUHYHDOHGWKDWSHUPDQHQWGHIRUPDWLRQ






Figure 3.31. Displacement between strain gauge plates after each pass of the trucks (Vuorimies 









Figure 3.32. Effect of the driving line on strains caused by the steering axle wheels. The colours 












Figure 3.33. Effect of the driving line on strains caused by the dual wheels with variable loads 















7KH WUDFN VHFWLRQ ZDV XQGHUJRLQJ XSJUDGH PDLQWHQDQFH DQG OHYHOOLQJ KDG WKHUHIRUH EHHQ

















Figure 3.34. The settlement pipe being installed. 
$VHWWOHPHQWSLSHFDQDOVREHLQVWDOOHGE\SORXJKLQJZLWKDFDEOHSORXJKZKLFKFDQEHVWEHGRQH
ZLWK DQ H[FDYDWRU HTXLSSHGZLWK UDLOZD\ZKHHOV ,QVWDOOLQJ D VHWWOHPHQW SLSH E\ SORXJKLQJ LV











Figure 3.35. One of the embankment settlement’s measuring points for levelling. 




WKHSLSHKDGEHHQ LQVWDOOHGVRPHZKDWGHHSHU )LJXUH0HDVXUHG IURP WKHHPEDQNPHQW¶V





Figure 3.36. Vertical position of the settlement pipe’s sensors in relation to the rail. 


















EHJLQV DW WKH ERWWRP RI WKH ILJXUH DQG HQGV DW WKH WRS 7KH \HOORZ RU UHG FRORXU LQGLFDWHV D
VHWWOHPHQWDQGWKHEOXHFRORXULQGLFDWHVDULVH7KHWLPHOLQHLQWKHILJXUHJRHVIURPOHIWWRULJKW




Figure 3.37. Winter-season settlements according to the settlement pipe. 






WKHHPEDQNPHQW¶V VXUIDFHSLFNHGXS WKHSKHQRPHQDFDXVHGE\ WKH WHPSHUDWXUHFKDQJHV ODWHU





Figure 3.38. Effect of a sizeable daily temperature variation to the settlement pipe’s 
measurements.







HPEDQNPHQW DIWHU WKH LQVWDOODWLRQZKLFKZRXOGH[SODLQ WKH ODUJHU VHWWOHPHQW LQ WKH VHWWOHPHQW
SLSH

Figure 3.39. Comparison between the results from the levelling and the settlement pipe between 
6/2009 and 6/2012. 
7KHVHWWOHPHQWSLSHKDVFRQWLQXHGWRSURYLGHPHDVXUHPHQWVDIWHUWKLVSHULRG)LJXUH7KH
VHWWOHPHQW SLSH IXQFWLRQV VWLOO YHU\ UHOLDEO\ DSDUW IURP WKRVH WKUHH VHQVRUV WKDW LQGLFDWHG D





Figure 3.40. Measurements from the settlement pipe at Paimio’s monitoring site after five years 
of monitoring. 
Main findings 
 $Q DXWRPDWHG VHWWOHPHQW SLSH KDV EHHQ IRXQG WR EH D IXQFWLRQLQJ PHWKRG WR PRQLWRU
HPEDQNPHQWVHWWOHPHQWV,QDGGLWLRQLWFDQEHXVHGWRPHDVXUHIURVWKHDYH
 7KHWKHUPDOH[SDQVLRQRIWKHIOXLGLQVLGHWKHVHWWOHPHQWSLSHDIIHFWV WKHPHDVXUHPHQWV










)URVWPRQLWRULQJ VWDWLRQV KDYH EHHQ FRQVWUXFWHG DURXQG)LQODQG¶V UDLOZD\ QHWZRUN LQ RUGHU WR
VWXG\ WKH UHDVRQV EHKLQG IURVW GDPDJH 3\ONNlQHQ 	 1XUPLNROX  $ WRWDO RI VL[ IURVW









JURXQG WKDW LV LQ LWVQDWXUDOVWDWHEXW WKLVFDQQRWEHHDVLO\DFKLHYHG LQD UDLOZD\HQYLURQPHQW
6HQVRUHOHPHQWVZHUHEXLOWLQVLGHSODVWLFSLSHVZLWKKROHVWRPHDVXUHWKHPRLVWXUHFRQWHQW)LJXUH











WKH VHQVRUV ZHUH FDOLEUDWHG WR LQGLFDWH WKH ZDWHU FRQWHQW LQ WKH VXUURXQGLQJ PDWHULDO 7KH
LQVWDOODWLRQ PHWKRG XVHG DOORZHG UHOLDEOH LQVWDOODWLRQ DQG IRU WKH VHQVRU WR KDYH D NQRZQ
LQVWDOODWLRQPDWHULDODQGGHQVLW\OHYHOVXUURXQGLQJLW

Figure 3.41. Water content sensors, ready-to-install sensor elements and the installation hole 
being filled with sand. 






Figure 3.42. Locations of the frost monitoring stations (Pylkkänen et al. 2014). 
7KHUHDUHVRPDQ\IURVWPRQLWRULQJVWDWLRQVDQGSUHVHQWLQJDOOWKHVHPHDVXUHPHQWVLVQRWSUDFWLFDO




PHDVXUHG IURPHLWKHU HQGRI D VOHHSHUGLIIHUQRWDEO\7KLVPHDQV WKDWRQHRI WKH WUDFN¶V VLGHV
VXIIHUV IURP IURVW DFWLRQ FRQVLGHUDEO\PRUH WKDQ WKH RWKHUZKLFK FDXVHV D FHUWDLQ DPRXQW RI
LQFOLQDWLRQGHIHFWRQWKHWUDFN7KHZLQWHURI±ZDVWKHFROGHVWRIWKRVHSUHVHQWHGLQWKH









KDYH EHHQ WKH FDVH EHFDXVH WKH ODWWHU VXPPHU¶V SUHFLSLWDWLRQ ZDV FRQVLGHUDEO\ KLJKHU 7KH
PRLVWXUHFRQWHQWPHDVXUHPHQWVDOVRVKRZWKDWWKHZDWHUFRQWHQWLQDVWUXFWXUHEHJLQVWRLQFUHDVH


































Figure 3.45. Measurement results from Tornio’s frost monitoring station. 

























VXVFHSWLEOHPDWHULDOV DQG WKH UHVXOWLQJ DFFXPXODWLRQ RI SHUPDQHQW GHIRUPDWLRQV LQ WKH
VXSSRUWLQJOD\HUHPEDQNPHQWDQGVXEVRLO















HPEDQNPHQW 7KLV HDVLO\ UHVXOWV LQ KDQJLQJ VOHHSHUV ZKLFK LQ WXUQ ZLOO FDXVH VLJQLILFDQW









VXVFHSWLELOLW\ WR SHUPDQHQW GHIRUPDWLRQV XQOHVV WKHUH LV D UHIHUHQFH ZLWK ZKLFK UHFRYHUDEOH
GHIRUPDWLRQV FDQ EH FRPSDUHG )RU H[DPSOH D FRPELQDWLRQ RI ERWK G\QDPLF DQG VWDWLF
PHDVXUHPHQWVWDNHQRYHUD\HDUORQJPRQLWRULQJSHULRGMXVWEHJLQVWRSURGXFHXVHIXOGDWDRQD








WUDFN LQVSHFWLRQ WUROOH\ (QJVWUDQG7KHVH FDQTXLFNO\ DQGDFFXUDWHO\PHDVXUH D WUDFN¶V
JHRPHWU\ZLWKRXWLQVWUXPHQWDWLRQ$VHWWOHPHQWSLSHFDQKRZHYHUDGGDWLPHGLPHQVLRQWRWKH
PHDVXUHPHQWVDQGWKHPHDVXULQJZLOOWXUQLQWRPRQLWRULQJ5HDOWLPHPHDVXUHPHQWVDUHSRVVLEOH
LI QHFHVVDU\ DQG D OLPLW FDQ EH GHWHUPLQHG IRU WKH VHWWOHPHQW GHSWK WR UHFHLYH D ZDUQLQJ LI






















































GHYLFHKHLJKWZDV DIIHFWHGE\ WKHZKHHOGLDPHWHU DQG WKH VWUXFWXUDO KHLJKWRI WKHGHYLFH7KH
GHYLFH IUDPHZDVGHVLJQHG WREH WULDQJXODU LQVKDSH LQRUGHU WRPDNH LW DV OLJKWDQGVWHDG\DV
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Figure 4.4. The measuring device’s attachment to the TKA7’s axle on the unsprung mass. A 
specifically designed mounting adapter is used, attached to the locomotive’s transmission. 


Figure 4.5.Calibrating the measuring device with a video camera. For this measurement, the 
device was calibrated by filming the deflection caused by a heavy axle at a known point in the 
track. 
'LVWDQFHPHDVXUHPHQWVEDVHGRQDSXOVHVHQVRUDQG*36SRVLWLRQLQJZHUHXVHGWRSRVLWLRQWKH
PHDVXUHPHQW UHVXOWV ,Q DGGLWLRQ ODVHUVZHUH LQVWDOOHG LQ WKHPHDVXULQJGHYLFH WRPHDVXUH WKH
GLVWDQFHWRWDUJHWVORFDWHGRQWKHVLGHV/DVHUVHQDEOHGDQDFFXUDWHSRVLWLRQLQJXVLQJIRUH[DPSOH
WKH RYHUKHDG OLQH SROHV DQG PLOHDJH PDUNHUV ,Q DGGLWLRQ URFN FXWWLQJV EULGJH UDLOLQJV DQG
DSSOLDQFHFDELQHWVFRXOGHDVLO\EHVHHQLQWKHODVHUPHDVXUHPHQWV7KHPHDVXUHPHQWUXQZDVDOVR
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2Q WKH EDVLV RIZKDW KDV EHHQ GHVFULEHG DERYH LW LVPDWKHPDWLFDOO\ SRVVLEOH WKDW DPHDVXUHG
GHIOHFWLRQUHFHLYHVDQLQFRUUHFWDOJHEUDLFVLJQ5HPRYLQJWKLVIHDWXUHIURPWKHFXUUHQWPHDVXULQJ
GHYLFH LV QHDUO\ LPSRVVLEOH7KH RQO\ VROXWLRQ WR FRUUHFW WKH VLWXDWLRQZRXOG EH WR H[WHQG WKH
ZKHHOEDVHZKLFKZRXOGUHTXLUHEXLOGLQJDZKROHQHZGHYLFH7KHHUURUFDQEHUHGXFHGE\KDOI
E\DGGLQJDQH[WUDVHWRIZKHHOVLQWKHPHDVXULQJGHYLFH7KLVZRXOGDOORZWKHXQORDGHGJHRPHWU\





7KH ILUVW DFWXDOPHDVXUHPHQWVZHUH WDNHQ RQ WKHPDLQ WUDFN EHWZHHQ WKH RSHUDWLQJ SRLQWV RI






































DYHUDJH ZDV IRXQG WR EH WKH PRVW VXLWDEOH IRU FRPSDULVRQ 7KH QRLVH OHYHO ZDV VLPLODU LQ
PDJQLWXGHGXULQJWKHGLIIHUHQWPHDVXUHPHQWVHVVLRQV7KHGLVWDQFHZDVGHWHUPLQHGVXIILFLHQWO\
DFFXUDWHO\WREHDEOHWRFRPSDUHWKHPHDVXUHPHQWV WDNHQGXULQJGLIIHUHQWUXQV3UREOHPVZHUH




WKHPHDVXUHPHQW UHVXOWV+HQFH WKHDXWXPQPHDVXUHPHQW OHYHOZDVVHWVR WKDW WKHGHIOHFWLRQV
IURPGLIIHUHQWPHDVXUHPHQWUXQVDUHQHDUHDFKRWKHULQWKHURFNFXWWLQJVDQGEULGJHV

Figure 4.9. Winter and autumn measurement results from between the operating points of 







LWZDV VXVSHFWHG WKDW D FXUYH LQ WKH WUDFN NP  WR   5   FDXVHG D



















OHDVW SDUWO\ H[SODLQHG E\ WKH IURVW LQVXODWLRQ ERDUGV VXUURXQGLQJ WKH EULGJH 7KH LQFUHDVHG
GHIOHFWLRQDWWKHQRUWKHUQHQGRIWKHEULGJHOLNHO\FDXVHGE\KDQJLQJVOHHSHUVZDVQRWDEO\ODUJHU
GXULQJ WKH DXWXPQ PHDVXUHPHQW WKDQ GXULQJ WKH ZLQWHU PHDVXUHPHQW $W WKH VRXWKHUQ HQG
FKDQJLQJVHDVRQVGRQRWKDYHDQHTXDOO\VLJQLILFDQWHIIHFW7KHVPDOOHUGHIOHFWLRQLQWKHWUDQVLWLRQ
]RQHLQZLQWHULVDOLWWOHVXUSULVLQJEHFDXVHLWPHDQVWKDWIUHH]LQJUHGXFHVGHIOHFWLRQ,IDGHIOHFWLRQ
ODUJHU WKDQ XVXDO ZDV HQWLUHO\ FDXVHG E\ SRRU VXSSRUW WKH UHFRYHUDEOH GHIOHFWLRQ VKRXOG QRW
GHFUHDVHLQPDJQLWXGHLQWKHZLQWHU+RZHYHUDIUR]HQVWUXFWXUHGRHVVSUHDGWKHORDGLQDQHZ
ZD\ZKLFKPD\H[SODLQVRPHRIWKHUHGXFWLRQLQWKHGHIOHFWLRQ:HOOVXSSRUWHGVOHHSHUVDURXQG
KDQJLQJ VOHHSHUV UHFHLYH D ODUJHU ORDG LQZLQWHU DQG WKH UDLOZD\ VWUXFWXUH XQGHUQHDWK WKHP LV
VWLIIHUZKLFKSDUWO\UHGXFHVGHIOHFWLRQ+RZHYHUZLWKWKLVSDUWLFXODUEULGJHWKHQHHGIRUWDPSLQJ
















Figure 4.12. Measurement results at the turnout V001 in Ylöjärvi. 
7KHPHDVXUHPHQWVHFWLRQKDVWZRWXUQRXWVZLWKZRRGHQVOHHSHUV,QWKRVHWKHWUDFN¶VVWLIIQHVVLV











Frost insulation boards 
)URVWLQVXODWLRQERDUGVDIIHFWDWUDFN¶VVWLIIQHVVLQDQXPEHURIZD\V7KHGHIOHFWLRQLQFUHDVHVE\
DSSUR[LPDWHO\±PPRQDYHUDJHLQIURVWLQVXODWLRQERDUGORFDWLRQV+RZHYHUWKHGHIOHFWLRQ
GRHV QRW FOHDUO\ LQFUHDVH LQ DOO WKH H[SHFWHG ERDUG ORFDWLRQV DQG WKH PD[LPXP LQFUHDVH LV
DSSUR[LPDWHO\PP7KH WKLFNQHVVDQGPDWHULDORI WKHERDUGVZLOORIFRXUVH LQIOXHQFH WKH








)LJXUHV  DQG SUHVHQW WKHPHDVXUHPHQW UHVXOWV IURP WKH WUDFN VHFWLRQVZLWK LQVXODWLRQ
ERDUGV,QWKHILUVWILJXUHWKHHIIHFWRIWKHERDUGVLVFOHDUO\YLVLEOHDVDOHYHOFKDQJHDWOHDVWLQWKH
DXWXPQPHDVXUHPHQW,QDGGLWLRQWKHVHFRQGH[DPSOHVKRZVWKHUHGXFHGVXSSRUWFRQQHFWHGWR






Figure 4.13. The frost insulation board’s effect on track deflection at km 198 + 000 to 198 + 
050. 













LQ FRPSDULVRQ WR WKH WUXH YDOXH 7KHUHIRUH WUDQVIHU IXQFWLRQV VKRXOG GHILQLWHO\ EH XVHG ZKHQ

VFDOLQJWKHUHVXOWVLQUHODWLRQWRWKHZDYHOHQJWK(YHQDVOLJKWO\VNHZHGPHDVXUHPHQWUHVXOWVKRZV
WKH ORFDWLRQRI WKHJHRPHWU\GHIHFWV DQGEHFDXVH WKHPHDVXULQJGHYLFH LVQRWXVHG WR LGHQWLI\
JHRPHWU\ GHIHFWV LQ SDUWLFXODU QR PRUH DWWHQWLRQ ZDV SDLG WR WKH DEVROXWH DFFXUDF\ RI WKH
JHRPHWU\
$FRPSDULVRQEHWZHHQYHUWLFDOJHRPHWU\DQGGHIOHFWLRQVKRZVWKDWWKHVXSSRVLWLRQRIDFRUUHODWLRQ





Figure 4.15. Some variation areas of track stiffness, which also exhibit defects in the geometry. 


Figure 4.16. Some variation areas of track stiffness, without clear geometry defects. 

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ZKHUH KDUGO\ DQ\ JHRPHWULF YDULDWLRQ RFFXUV EXW WKH VWLIIQHVV YDULDWLRQ LV VLJQLILFDQW LQ
FRPSDULVRQ

Figure 4.19.Correlation between the standard deviations of geometry and deflection. 

3URFHVVLQJPHDVXUHPHQWGDWDDQGDQDO\VLQJWKHUHVXOWV
$IWHU FRQGXFWLQJ DQ DQDO\VLV RQ WKH WUDFN VHFWLRQ EHWZHHQ /LHODKWL DQG <O|MlUYL DQG RQ WKH
RSHUDWLQJSULQFLSOHRIWKHPHDVXULQJGHYLFHGHVFULEHGDERYH WKH6WLIIPDVWHUKDVEHHQXVHGRQ
VHYHUDO WUDFN VHFWLRQV LQ YDULRXV VWXGLHV DQG IRU SURMHFW TXDOLW\ FRQWUROV 2Q WKH EDVLV RI WKH
































HYHU\ PP DQG WKH VHFRQG GLVSODFHPHQW VHQVRU¶V VLJQDO LV GHOD\HG LQ WKH PHDVXUHPHQW
SURJUDPPH E\ SXOVHV îPP§PP VR WKDW WKH VLJQDOV UHSUHVHQW WKH VDPH
ORFDWLRQLQUHODWLRQWRWLPH1DWXUDOO\WKLVPHDQVWKDWWKHGHIOHFWLRQVLJQDORXWSXWLVLQUHODWLRQWR
GLVWDQFH ZLWK D VDPSOH LQWHUYDO RI PP 7KLV ORQJHU VDPSOH LQWHUYDO LV EHQHILFLDO ZKHQ













RI WKHP $ URXJK HVWLPDWH RI UDLO GHIOHFWLRQ EHWZHHQ WKH VOHHSHUV FDQ EHPDGH E\ XVLQJ IRU
H[DPSOHWKHEHDPGHIOHFWLRQIRUPXOD











FDSDFLW\ SRVVLEO\ HYHQ EHORZ LW $OO WKH GHIOHFWLRQ FKDQJHV RI DZDYHOHQJWK VKRUWHU WKDQ WKH
GLVWDQFHEHWZHHQWZRVOHHSHUVRQDFRQWLQXRXVO\ZHOGHGUDLODUHWKHUHIRUHWRRVPDOOWREHGHWHFWHG
7KH IXQGDPHQWDO TXHVWLRQ LV:KDW LV WKHPLQLPXP OHYHO RI GHIOHFWLRQ WKDW WKHPHDVXUHPHQW
















ILOWHUHG ZLWK D +] ORZSDVV ILOWHU LQWHQGHG WR UHPRYH HOHFWULF GLVWXUEDQFH IURP WKH
PHDVXUHPHQWGDWDZDVIRXQGYHU\XVHIXO6LPXOWDQHRXVO\LWUHPRYHVZDYHOHQJWKVRIOHVVWKDQ










HIIHFW DV ZDYHOHQJWKV ZDV DQG P UHVSHFWLYHO\ 7KHVH ILOWHUV UHGXFH QRLVH YHU\




7KHUHIRUH WKHUH LV QR VLQJOH ULJKWZD\RI ILOWHULQJ WKH VLJQDO DQG LQVWHDG WKH VHOHFWLRQ RI WKH
ILOWHULQJ PHWKRG LV EDVHG RQ D FRPSUHKHQVLYH SLFWXUH IRUPHG E\ WULDO DQG HUURU RQ WKH EHVW










2Q WKH EDVLV RI WKH OLWHUDWXUH WKH DEVROXWH GHIOHFWLRQ OHYHO VHHPV WR EH WKH PRVW LPSRUWDQW
SDUDPHWHUWREHDQDO\VHGZKHQPHDVXULQJVWLIIQHVV)RUH[DPSOH6HOLJ	/LGLVFRYHUHGLQ














FRQFOXVLRQ EDVHG RQ WKHPHDVXUHPHQWV WDNHQ VR IDU NPRIPHDVXUHPHQW UXQV NPRI
GLIIHUHQW WUDFNVHFWLRQV LV WKDW WKHGHIOHFWLRQVPHDVXUHGZLWK WKH6WLIIPDVWHUSULPDULO\GLVSOD\




Figure 4.20. Effect of different rail types on the recoverable deflection level at the operating 
points of Jalasjärvi and Peräseinäjoki. 
:K\LV WKHGHIOHFWLRQRIVXEVRLO LQGLFDWHGDV WKHPRVW LPSRUWDQWIDFWRUDIIHFWLQJWUDFNVWLIIQHVV
6HOLJ	/LLIPHDVXUHPHQWRIDWUDFN¶VVWLIIQHVVFDQQRWHYHQSURSHUO\LGHQWLI\FKDQJHVLQ




VLWXDWLRQ LVGLIIHUHQWZKHQPHDVXUHPHQWVDUH WDNHQRQ WUDFNVZLWK WKLQ VWUXFWXUHV DV VKRZQ LQ
)LJXUHIURPWKHRSHUDWLQJSRLQWRI3HUlVHLQlMRNL36-2QWKHFRQWUDU\DWD[OHORDGLV
UHODWLYHO\ OLJKWHYHQ WKRXJK LWFRUUHVSRQGV WR WKHD[OH ORDGIRXQG LQSDVVHQJHU WUDLQV8VLQJD
KHDYLHUD[OH ORDGFRXOGPDNH WKHVXEVRLO¶VSURSHUWLHVPRUHYLVLEOHRQ WKHPDLQ WUDFNVDVZHOO
+HDY\D[OHVDUHRIWHQXVHGLQERJLHVDQGWKHFRPELQHGHIIHFWVRIWKHD[OHVLQFUHDVHWKHGHIOHFWLRQ
VLJQLILFDQWO\ZKHQ WKH VXEVRLO LV VRIW 7KH WKLUG IDFWRU LV FRQQHFWHG WR WKH VHOHFWHGPHDVXULQJ
PHWKRGZKLFKDVVXPHVWKDWDWDGLVWDQFHRIPWKHGHIOHFWLRQFDXVHGE\WKHORDGKDVFRPSOHWHO\
UHFRYHUHG ,Q VRPH FDVHV WKH GHIOHFWLRQ FXUYH LVZLGHU LQ VKDSH WKDQ WKLV DQG WKHPHDVXULQJ





















YHU\VPDOO LQVFDOH7KHVWLIIQHVVRIDVXSSRUW OD\HUPD\YDU\ EXW WKHYDULDWLRQZLOOQRWEHVR
H[WHQVLYHDVWRFDXVHDVLJQLILFDQWQXPEHURIGHIOHFWLRQYDULDWLRQV7KXVWKHPRVWLPSRUWDQWIDFWRU
ZLOO EH WKH ZD\ LQ ZKLFK WKH VOHHSHUV DUH VXSSRUWHG E\ WKH VXSSRUW OD\HU ZKLFK PD\ KDYH
FRQVLGHUDEOHORFDOYDULDWLRQ
7R VWXG\ VWLIIQHVV YDULDWLRQ PDLQO\ RULJLQDWLQJ IURP WKH VXSHUVWUXFWXUH WKH VLPSOHVW ZD\ LV
SUREDEO\ WR XVH D VLPLODU SUHVHQWDWLRQPHWKRG EDVHG RQ D FKRUG DVZLWK WKH WUDFN UHFRUGLQJ
YHKLFOH7KHHIIHFWRIDGHIOHFWLRQ¶VOHYHOYDULDWLRQFDQEHUHGXFHGE\FDOFXODWLQJWKHGHIOHFWLRQ¶V
PRYLQJDYHUDJHRYHUDVHOHFWHGGLVWDQFHDQGVXEWUDFWLQJWKLVIURPWKHRULJLQDOGHIOHFWLRQVLJQDO
)RU H[DPSOH)LJXUHZDV IRUPHGE\FDOFXODWLQJDPPRYLQJDYHUDJH IRU WKHGHIOHFWLRQ
VLJQDO ZKLFK ZDV WKHQ VXEWUDFWHG IURP WKH RULJLQDO VLJQDO 7KLV ZLOO UHYHDO WKH GHIOHFWLRQ









Figure 4.21. Effect of tamping on the deflection variation on the track section between 
Kirkkonummi and Turku. 

Figure 4.22. Effect of tamping on the standard deviation of the deflection. The standard 




VROXWLRQ )XUWKHU PHDVXUHPHQW QHHG WR EH FRQGXFWHG WR GHILQH KRZ ORQJ WKLV HIIHFW ZLOO ODVW
$FFRUGLQJWRPHDVXUHPHQWVWDPSLQJGRHVQRWKDYHDVLJQLILFDQWLPSDFWRQWKHDEVROXWHOHYHORI





















GXH WR DKDQJLQJ VOHHSHU IRUPHGDW DEULGJHDSSURDFK:KDWPDNHV WKHPDWWHUGLIILFXOW LV WKDW
KDQJLQJ VOHHSHUV EHFRPH KLJKOLJKWHG GXULQJPHDVXULQJ 7KH DFWXDO GHIOHFWLRQ OHYHO GLIIHUHQFH
EHWZHHQDQHPEDQNPHQWDQGDEULGJHPD\EHDVPXFKDVPPEXWKDQJLQJVOHHSHUVDWDEULGJH



















GHIOHFWLRQFKDQJH0HDVXUHPHQW UHVXOWV IURPIURVWPRQLWRULQJVWDWLRQV 3\ONNlQHQHW DO
VKRZWKDWDWUDFN¶VHOHYDWLRQOLQHGURSVW\SLFDOO\±PPD\HDU7KLVLQIRUPDWLRQLVRQO\EDVHG
RQDVPDOOVDPSOHIURPWKH)LQQLVKUDLOZD\QHWZRUNEXWSURYLGHVWKHGLUHFWLRQIRUIXUWKHUVWXG\
7KH VSHHG DWZKLFK SHUPDQHQW GHIRUPDWLRQV GHYHORS GHSHQGV RQ DPRXQW RI WUDIILF VWUXFWXUH

PDWHULDOV DQG FRQGLWLRQV EXW WUDFN VWLIIQHVV DOVR KDV LWV HIIHFW ,I DVVXPHG WKDW WKH UDQJH RI
SHUPDQHQW GHIRUPDWLRQV LV HQWLUHO\ EDVHG RQ WUDFN VWLIIQHVV HJ EHWZHHQ D EULGJH DQG DQ




VWLIIQHVV YDULDWLRQ 7KH PLQLPXP OLIHF\FOH FRVW FDQ RQO\ EH GHWHUPLQHG RQFH XQGHUVWRRG WKH
FRQQHFWLRQEHWZHHQWUDFNVWLIIQHVVDQGWKHVSHHGDWZKLFKSHUPDQHQWGHIRUPDWLRQVGHYHORSDQGD
OLQNLVIRUPHGIURPWKLVWRWKHFRVWVLQFXUUHGIURPPDLQWDLQLQJWKHGHVLUHGJHRPHWU\
























VDPH FRQGLWLRQV E\ WKH VDPH GULYHU DQGZLWK WKH VDPH VHWWLQJV DUH VLPLODU 5HSHDWDELOLW\ LV
FDOFXODWHG LQ DFFRUGDQFH ZLWK VWDQGDUG (1 IURP WKH GLVWULEXWLRQ RI WKH GLIIHUHQFH














Figure 4.23. Distributions of the deflection measurement points of three consecutive 
measurement runs and an example of the repeatability calculation points. 










ZKHQ FDOFXODWLQJ WKH UHSHDWDELOLW\ VHOHFWHG UDQGRPO\ IURP WKH PHDVXUHPHQW GDWD (DFK
PHDVXUHPHQW UXQ FRQVLVWHG RI DSSUR[LPDWHO\  VDPSOH SRLQWV7ZR VHSDUDWHPHDVXUHPHQW
UXQVZHUHIRFXVHGRQWKHVDPHORFDWLRQPDQXDOO\'RLQJWKLVVXFFHVVIXOO\KDVDJUHDWLPSDFWRQ
WKH DQDO\VLV DQG LWV LPSRUWDQFH LV IXUWKHU LQFUHDVHG RQ WUDFNV ZLWK D VLJQLILFDQW YDULDWLRQ LQ
GHIOHFWLRQ2QDWUDFNWKDWLVLQJRRGFRQGLWLRQWKHVWDQGDUGGHYLDWLRQRIWKHGHIOHFWLRQYDULDWLRQ
LV VPDOO PP DQG DQ HUURU RI  P LQ WKH ORFDWLRQ ZLOO LQFUHDVH WKH UHSHDWDELOLW\ WR






SDLUV RI FRPSDULVRQ UXQV DUH SUHVHQWHG LQ 7DEOH  7KH UHSHDWDELOLW\ RI WKH GHIOHFWLRQ




FRQVHFXWLYHPHDVXUHPHQWV+RZHYHU WKLVGRHVQRW DIIHFW UHSHDWDELOLW\XQOHVV WKH OHYHO FKDQJH
RFFXUVZLWKLQWKHVHFWLRQEHLQJVWXGLHG
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LQGLFDWHVZKHWKHU WKHPHDVXULQJ LVSHUIRUPHGE\ SXOOLQJRUSXVKLQJ7KHRULHQWDWLRQ LQGLFDWHV
ZKHWKHU WKH PHDVXULQJ LV GRQH WRZDUGV WKH LQFUHDVLQJ RU GHFUHDVLQJ QXPEHU RI NLORPHWUHV
DOWKRXJKLQERWKFDVHVWKHPHDVXULQJGHYLFHLVEHLQJSXOOHG7DEOHLOOXVWUDWHVWKHHIIHFWVRI











EH IRFXVHG RQ WKH VDPH ORFDWLRQ FRPSOHWHO\ DFFXUDWHO\ 7KLV UHGXFHV WKH UHSHDWDELOLW\
PDWKHPDWLFDOO\HYHQLIWKHDEVROXWHGHIOHFWLRQYDULDWLRQLVVLPLODUEXWDPLUURULPDJHUHJDUGLQJ
WKHWUDFNMRLQWIRUH[DPSOH7KHGULYLQJVSHHGGRHVQRWVHHPWRKDYHDVLJQLILFDQWHIIHFWRQWKH
UHSURGXFLELOLW\ DV WKH HIIHFW RI VSHHG RQ UHSURGXFLELOLW\ZDV RQO\ DSSUR[LPDWHO\ WLPHV LQ
PDJQLWXGHFRPSDUHGZLWKWKHUHSHDWDELOLW\
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WKH UDLO SDG WKHPRWLRQ RI WKH UDLO DW WKDWSDUWLFXODU VOHHSHU¶V ORFDWLRQ FDQEHGLVFRYHUHG7KH












Figure 4.24. Comparison between the continuously measured deflection and the recoverable 
settlement of instrumented sleepers at turnouts V055 and V056 located at Kouvola’s rail yard. 
7KH PHDVXUHPHQWV FRQGXFWHG DW 7DPSHUH¶V UDLO \DUG FRPSDUHG WKH UHFRYHUDEOH VHWWOHPHQW
GHWHUPLQHGZLWKDFFHOHUDWLRQVHQVRUVWRWKH6WLIIPDVWHU¶VPHDVXUHPHQWUHVXOWV7KHUHLVH[FHOOHQW
FRUUHODWLRQEHWZHHQ WKHVHGLIIHUHQWPHWKRGVSHUWDLQLQJ WR WKH UHFRYHUDEOHVHWWOHPHQWRI WXUQRXW
9)LJXUH7KHDFFHOHUDWLRQVHQVRUVZHUHSODFHGGLUHFWO\RQWRWKHUDLODWWKHVZLWFKUDLO
DQG FURVVLQJ DUHDV 7KH DFFHOHUDWLRQ VHQVRUV¶ PHDVXUHPHQW UHVXOW ZDV FRQVWUXFWHG IURP IRXU
PHDVXUHPHQWV WKHVHQVRUVZHUHDWWDFKHGWRWKHULJKWDQGOHIWVLGHVRIWKHUDLO LQDQDOWHUQDWLQJ
SDWWHUQDQGWKHDYHUDJHIURPWKHVHZDVFDOFXODWHGIRUWKHILJXUH+HUHWRRWKHDEVROXWHOHYHORI










Figure 4.25. Comparison of the measurements taken with the Stiffmaster and the acceleration 









DO  7UDQVLWLRQ ]RQHV VXFK DV ILVKSODWH MRLQWV DQG SRRU ZHOGV DGG FRQVLGHUDEO\ WR WKH
G\QDPLFORDGLQJ5HPHQQLNRYHWDO7KHKLJKIUHTXHQF\DFFHOHUDWLRQPDLQO\IRFXVHVRQ
WKH XQVSUXQJPDVV DQG WKH UDLO EXW WKH ORDGLQJ HIIHFW RQ WKH WUDFN LV HVWLPDWHG WR EH VPDOO





IUHTXHQFLHV FDQ DOVR EH DVVXPHG WR WUDQVIHU PRVWO\ WR WKH VSUXQJ PDVV $FFRUGLQJ WR WKH






Figure 4.26. Vertical axle-box acceleration filtered with a 5-Hz low-pass filter at two different 
speeds, shown in relation to distance. 
%HFDXVH WKH PHDVXUHPHQW ORFDWLRQ LQ 5DLVLR UHSUHVHQWV WKH WUDFN W\SH RI FOHDUO\ WKH ZHDNHVW
FRQGLWLRQWKHG\QDPLFHIIHFWVDUHWREHDWWKHLUJUHDWHVWWKHUH7KHD[OHORDG¶VG\QDPLFYDULDWLRQ
GXHWRWKHXQHYHQQHVVRIWKHWUDFNGXULQJWKHPHDVXUHPHQWSHUIRUPHGDWNPKLVDWPRVW












LQVLGH D VWUXFWXUHRIWHQ UHTXLUH WKDW WKH VWUXFWXUH EH H[FDYDWHGZKLFK VLJQLILFDQWO\ OLPLWV WKHLU
DSSOLFDWLRQRSWLRQV$FFHOHUDWLRQVHQVRUVDQG0''DUHDPRQJWKHIHZLQVWUXPHQWVWKDWFDQEH









PHWKRG WKDW FDQ EH XVHG WR H[SDQG WKH PRQLWRULQJ WR FRYHU DQ HQWLUH URDG RU WUDFN VHFWLRQ
&RQWLQXRXVPHDVXULQJPHWKRGVWKDWDUHEDVHGRQPHDVXULQJWKHJHRPHWU\RUVWLIIQHVVDUHH[DPSOHV
RIVXFKPHWKRGV
*DLQLQJ FRPSUHKHQVLYH GDWD UHTXLUHV WKH XVH RI VHYHUDO PHDVXULQJ PHWKRGV EHFDXVH RQO\ D
FRUUHFWO\ VHOHFWHGPHDVXULQJDUUDQJHPHQWFDQSURYLGHYDOXDEOH LQIRUPDWLRQDERXWD VWUXFWXUH¶V






VKRZQ WKDW WKH ORFDWLRQRI WKH ORDGLQJ LV DNH\ IDFWRU DIIHFWLQJ WKHSHUIRUPDQFHRI D VWUXFWXUH
FRQVWUXFWHGZLWKXQERXQGPDWHULDOV'HIRUPDWLRQVRQDORZYROXPHURDGGHSHQGKHDYLO\RQWKH












WR PHDVXUH WKH VXUIDFH PRYHPHQWV RI D VWUXFWXUH 0HDVXULQJ UHFRYHUDEOH VHWWOHPHQW ZLWK
GLVSODFHPHQW VHQVRUV LV UHODWLYHO\ FXPEHUVRPH LQ FRPSDULVRQ WR WKH DFFHOHUDWLRQ VHQVRUV








 7KH HIIHFW RI WDPSLQJ FDQ EH GLUHFWO\ VHHQ LQ PLOOLPHWUHV DV D IXQFWLRQ RI WLPH 7KH
















WUDFNV EXW WKH PHDVXULQJ PHWKRGV RQO\ UHJLVWHU UHODWLYH XQHYHQQHVV 2IWHQ WKH FDXVH RI DQ








WHUP µGHIOHFWLRQ¶ KDV EHHQ XVHG LQVWHDG RI µVWLIIQHVV¶ 7KH DPRXQW RI GHIOHFWLRQ LV HDVLHU WR
FRPSUHKHQGDVWKHXQLWLVPLOOLPHWUH
7KHFDOFXODWHGUHSHDWDELOLW\RIWKH6WLIIPDVWHU¶VGHIOHFWLRQPHDVXUHPHQWVZLOOEHDSSUR[LPDWHO\
PPDQG WKH UHSURGXFLELOLW\PPDV ORQJDV WKHPHDVXUHPHQWV DUH WDNHQ LQ WKH VDPH
GLUHFWLRQ7KLVPHDQVWKDWWKHPHDVXUHPHQWUHVXOWVIURPWZRVHSDUDWHPHDVXULQJVHVVLRQVDUH
OLNHO\WRGLIIHUIURPRQHDQRWKHUE\OHVVWKDQPP,QDGGLWLRQDV\VWHPDWLFOHYHOGLIIHUHQFH
KDV EHHQ GHWHFWHG EHWZHHQ WKH PHDVXUHPHQWV ZLWK YDULDWLRQ DV VLJQLILFDQW DV RYHU PP
7KHUHIRUHWKHPHWKRGLQLWVSURWRW\SHSKDVHLVQRW\HWDEVROXWHO\DFFXUDWH7KHPHDVXULQJHUURUV
DUHVXIILFLHQWO\VPDOOWRVWXG\GHIOHFWLRQYDULDWLRQDQGWKHPHDVXULQJPHWKRGLVEHVWVXLWHGIRU













VXSSRUWLQJ OD\HU HPEDQNPHQW RU VXEVRLO ZKLFK FDQ GHYHORS GXH WR D QXPEHU RI UHDVRQV
'HIOHFWLRQ YDULDWLRQ XVXDOO\ RFFXUV DW D WUDFN¶V WUDQVLWLRQ ]RQHV VXFK DV WXUQRXWV EULGJH
DSSURDFKHVOHYHOFURVVLQJVDQGRWKHUQRWDEOHDUHDVRIFKDQJHLQWKHVWUXFWXUH
$VLJQLILFDQWFKDQJHLQWKHGHIOHFWLRQOHYHOFDQEHGHWHFWHGZKHQPRYLQJIURPRQHWUDFNOLQHW\SH
WR DQRWKHU $ FRQFUHWHVOHHSHU WUDFNZLOO W\SLFDOO\ KDYH VOLJKWO\ OHVV GHIOHFWLRQ WKDQ RQHZLWK






































DQ HPEDQNPHQW LV UHODWLYHO\ VPDOO FRPSDUHG ZLWK WKH QRUPDO YDULDWLRQ LQ WUDFN JHRPHWU\
+RZHYHUEHFDXVHRI WUDIILF ORDG WKHVWUXFWXUDOGLIIHUHQFHZLOO OHDG WRXQHYHQQHVVZKLFKDV LW






2Q D KRPRJHQHRXV WUDFN WKH GHIOHFWLRQ YDULDWLRQ FDXVHG E\ WKH VWUXFWXUDO OD\HU¶V PDWHULDO
SURSHUWLHVDQGDFKDQJHLQWKHVXEVRLODUHXVXDOO\VRVPDOOWKDWWKHG\QDPLFORDGLQJHIIHFWVRIWUDFN
GHIOHFWLRQDUHDOPRVWQHJOLJLEOH+RZHYHUXQHYHQQHVVLVEHLQJFUHDWHGGXHWRWUDIILFLQDPDQQHU
VLPLODU WR WKH WUDQVLWLRQ ]RQHV RQO\ PRUH VORZO\ 7KH JHRPHWU\ PXVW XQGHUJR RFFDVLRQDO
PDLQWHQDQFH ZKLFK LPSURYHV WKH VXSSRUW RI VOHHSHUV DQG WKH JHRPHWU\ 7KH OHQJWK RI WKH
PDLQWHQDQFH LQWHUYDOV FDQ EHPD[LPLVHG E\ EXLOGLQJ D XQLIRUP VWUXFWXUHZKHUH WKH GHIOHFWLRQ
YDULDWLRQFDXVHGE\VWUXFWXUDOGLIIHUHQFHVLVDVVPDOODVSRVVLEOH














SHUIRUPDQFHRI WKHVWUXFWXUH7KHUHVHDUFKVHFWLRQRI WKHVWXG\FRQVLVWVRI DGHVFULSWLRQRI WKH




XWLOLVHG LQ VFLHQWLILF DQDO\VHV 7KHPHDVXUHPHQW UHVXOWV LQGLFDWHG VHYHUDO VWUXFWXUDO EHKDYLRXU





















DFURVVDGLVWDQFHRID IHZVOHHSHUVZKHUH WKH WUDFNVWLIIQHVVKDVVLJQLILFDQWO\GHFUHDVHG7KHVH
KDQJLQJVOHHSHUVDUHWKHUHVXOWRILPSDLUHGVXSSRUWDQGLQPRVWFDVHVWKH\FDQEHHDVLO\IL[HGE\
WDPSLQJ7KHDFWXDO UHDVRQ IRU LPSDLUHGVXSSRUW LV DSHUPDQHQWGHIRUPDWLRQ LQ WKHVXSSRUWLQJ
OD\HUDQG WRD OHVVHUH[WHQW LQ WKHHPEDQNPHQWRUVXEVRLOZKLFKFDQGHYHORS IRUDQXPEHURI









 &RQWLQXRXV WUDFN VWLIIQHVVPHDVXUHPHQW SURGXFHVPDVVLYH DPRXQWV RI LQIRUPDWLRQ WKDW
FRXOGEHXVHG LQGHVLJQLQJPDLQWHQDQFHPHDVXUHV'HYHORSLQJSDUDPHWHUV IRU VWLIIQHVV
YDULDWLRQDQGDEVROXWHGHIOHFWLRQDUHRQJRLQJSURFHVVHVDQGWKHDLPLVWRGHYHORSWKHVHLQ
WKH IXWXUH 7KHVH SDUDPHWHUV FRXOG EH NH\ LQGLFDWRUV IRU DVVHVVLQJ WKH H[WHQW RI WKH
QHFHVVDU\PDLQWHQDQFHPHDVXUHVDQGDUHD
 $QHIILFLHQWZD\RIXVLQJWUDFNVWLIIQHVVPHDVXUHPHQWVLQFOXGHVGHYHORSLQJGDWDDQDO\VLV





RI HPEDQNPHQWPDWHULDOV 7UDFN VWLIIQHVVPHDVXUHPHQW LV RQH DSSURDFK HYDOXDWLQJ WKH
TXDOLW\RIPDWHULDOVLQSODFHVZKHUHWKHIUHTXHQWGHYHORSPHQWRIXQHYHQQHVVRFFXUV
 7UDQVLWLRQ ]RQHV DUH WKHPRVW SUREOHPDWLF DUHDVZKHQ LW FRPHV WR WKH GHYHORSPHQW RI
XQHYHQQHVVDQGWUDFNVWLIIQHVVYDULDWLRQ1HZVROXWLRQVWRQHXWUDOL]HWKHHIIHFWVEHWZHHQ
WZRGLIIHUHQWVWUXFWXUHVVKRXOGEHGHYHORSHG


























%HUJJUHQ (  '\QDPLF 7UDFN 6WLIIQHVV 0HDVXUHPHQW±$ 1HZ 7RRO IRU &RQGLWLRQ
0RQLWRULQJRI7UDFN6XEVWUXFWXUH/LFHQWLDWH7KHVLV5HSRUW75,7$$9(5R\DO,QVWLWXWH
RI7HFKQRORJ\.7+6WRFNKROPS
%HUJJUHQ (  5DLOZD\ 7UDFN 6WLIIQHVV '\QDPLF 0HDVXUHPHQWV DQG (YDOXDWLRQ IRU





%LORGHDX - 3 'RUp * 	 6FKZDU] &  (IIHFW RI VHDVRQDO IURVW FRQGLWLRQV RQ WKH
SHUPDQHQW VWUDLQ EHKDYLRXU RI FRPSDFWHG XQERXQG JUDQXODU PDWHULDOV XVHG DV EDVH FRXUVH
,QWHUQDWLRQDO-RXUQDORI3DYHPHQW(QJLQHHULQJSS












WULD[LDO WHVWLQJ RI JUDQXODU PDWHULDO¶¶ 7UDQVS5HV 5HF  7UDQVSRUWDWLRQ 5HVHDUFK %RDUG
:DVKLQJWRQ'&SS±





&DQQRQ')('(/.2*UDVVLH6/	6DZOH\. 5DLO GHIHFWV DQRYHUYLHZ
)DWLJXH	)UDFWXUHRI(QJLQHHULQJ0DWHULDOV	6WUXFWXUHVSS




*HRORJLFDO DQG (DUWKTXDNH (QJLQHHULQJ 9RO  6SULQJHU H%RRNV 6SULQJHU 1HWKHUODQGV
'RUGUHFKW
'DZVRQ$	.ROLVRMD 3  3HUPDQHQW GHIRUPDWLRQ5HSRUW RQ WDVN $YDLODEOH DW
ZZZURDGH[RUJS
'RUp * 	 =XEHFN + .  &ROG UHJLRQV SDYHPHQW HQJLQHHULQJ 1HZ <RUN $6&(
$PHULFDQ6RFLHW\RI&LYLO(QJLQHHULQJS







(QJVWUDQG$ 5DLOZD\ VXUYH\LQJ$FDVH VWXG\RI WKH*530DVWHU¶V RI6FLHQFH
7KHVLV LQ *HRGHV\ QR  'LYLVLRQ RI *HRGHV\ DQG *HRLQIRUPDWLFV 5R\DO ,QVWLWXWH RI
7HFKQRORJ\.7+6WRFNKROPS
(VYHOG&0RGHUQUDLOZD\WUDFN6HFRQG(GLWLRQ0573URGXFWLRQV
(VYHOG &  7UDFN 6WLIIQHVV0HDVXUHPHQWV 8VLQJ DQ $GDSWHG 7DPSLQJ0DFKLQH 5DLO
,QWHUQDWLRQDO
(VYHOG &  &RPSDULVRQ EHWZHHQ 7KHRUHWLFDO DQG $FWXDO 7UDQVIHU )XQFWLRQV RI 7UDFN
0DLQWHQDQFH0DFKLQHV'RFWRUDO7KHVLV:DUVDZ0D\
)LQOH[  9DOWLRQHXYRVWRQ DVHWXV DMRQHXYRMHQ Nl\W|VWl WLHOOl DQQHWXQ DVHWXNVHQ
PXXWWDPLVHVWD$YDLODEOHDWZZZILQOH[IL$FFHVVHG




































-DFRE % 	 2





.DOOLDLQHQ $ .ROLVRMD 3 	 1XUPLNROX $  -DQXDU\ 0RGHOLQJ RI WKH HIIHFW RI
HPEDQNPHQW GLPHQVLRQV RQ WKH PHFKDQLFDO EHKDYLRU RI UDLOZD\ WUDFN ,Q  -RLQW 5DLO
&RQIHUHQFHSS$PHULFDQ6RFLHW\RI0HFKDQLFDO(QJLQHHUV
.DOOLDLQHQ$	.ROLVRMD30RGHOLQJRIWKHHIIHFWRIHPEDQNPHQWGLPHQVLRQVRQWKH













.ROLVRMD 3 	 0DNHOD (  ,QVWUXPHQWDWLRQ DQG PHFKDQLFDO PRGHOLQJ RI D IXOOVFDOH












/DGDQ\L%	6KHQ00DUFK0HFKDQLFVRIIUHH]LQJDQG WKDZLQJ LQVRLOV ,Q3URF
,QWHUQDWLRQDO6\PSRVLXPRQ)URVWLQ*HRWHFKQLFDO(QJLQHHULQJ6DDULVHOND)LQODQG9ROSS







/HPNH -  ,QSODFH LQFOLQRPHWHU XVLQJ ORZ* DFFHOHURPHWHU QHWZRUN ,Q $6&( &RQI
3URF9ROSS








/XRPDOD + 	 1XUPLNROX $  5DLOZD\ WUDFN VWLIIQHVV PHDVXUHPHQWV RQ WKH EULGJH
WUDQVLWLRQ]RQHV3URFHHGLQJVRIWKHQG,QWHUQDWLRQDO&RQIHUHQFHRQ7UDQVSRUWDWLRQ*HRWHFKQLFV
6DSSRUR-DSDQ6HSWHPEHU
/XRPDOD+ 5DWDSHQNHUHLGHQPRQLWRURLQWL/LLNHQQHYLUDVWRQ WXWNLPXNVLD MD VHOYLW\NVLl
SDSSLQ)LQQLVK
/XRPDOD+3HOWRNDQJDV25DQWDOD71XUPLNROX$5DGDQNRNRQDLVMl\NN\\GHQ
PLWWDDPLQHQ MD PRGLILRLQWL /LLNHQQHYLUDVWRQ WXWNLPXNVLD MD VHOYLW\NVLl   S LQ
)LQQLVK
/XRPDOD+	.ROLVRMD3 (IIHFWVRIVHDVRQDO IURVWRQSDYHPHQWVWLIIQHVV LQ)LQODQG
DFFRUGLQJ WR D SDYHPHQW PRQLWRULQJ V\VWHP ,Q 7UDQVSRUWDWLRQ 5HVHDUFK %RDUG WK $QQXDO
0HHWLQJ1R
/XRPDOD+ 3HOWRNDQJDV21XUPLNROX$  6WLIIPDVWHU$ FRQWLQXRXV WUDFN VWLIIQHVV
PHDVXUHPHQW GHYLFH *(25$,/  QG ,QWHUQDWLRQDO V\PSRVLXP5DLOZD\ JHRWHFKQLFDO
HQJLQHHULQJ1RYHPEHU)UDQFHSS
/XRPDOD+5DQWDOD7.ROLVRMD3	0lNHOl($VVHVVHPHQWRIWUDFNTXDOLW\XVLQJ
FRQWLQXRXV WUDFN VWLIIQHVVPHDVXUHPHQWV*HRUDLO  UG ,QWHUQDWLRQDO 6\PSRVLXP5DLOZD\












0HWVRYXRUL /  6XODPLVSDLQXPLQHQ UDGDQ HSlWDVDLVXXGHQ DLKHXWWDMDQD0DVWHU¶V WKHVLV
7DPSHUH8QLYHUVLW\RI7HFKQRORJ\SLQ)LQQLVK
0lNHOl ( 	 .ROLVRMD 3  5DWDUXPSXWXWNLPXV PDOOLQQXV 5DWDKDOOLQWRNHVNXNVHQ
MXONDLVXMD$)LQQLVK5DLO$GPLQLVWUDWLRQ
1LFNLWRSRXORX $ 3URWRSVDOWL . 	 6WLURV 6  0RQLWRULQJ G\QDPLF DQG TXDVLVWDWLF
GHIRUPDWLRQV RI ODUJH IOH[LEOH HQJLQHHULQJ VWUXFWXUHV ZLWK *36 DFFXUDF\ OLPLWDWLRQV DQG
SURPLVHV(QJLQHHULQJ6WUXFWXUHVSS
1RUPDQ&)DUULWRU6$UQROG5(OLDV6(*)DWHK0	6LEDLH0('HVLJQRID
6\VWHP WR 0HDVXUH 7UDFN 0RGXOXV IURP D 0RYLQJ 5DLOFDU 3URFHHGLQJV IURP 5DLOZD\
(QJLQHHULQJ/RQGRQS










1XUPLNROX$	.ROLVRMD 3  7KH HIIHFW RI ILQHV FRQWHQW DQG TXDOLW\ RQ IURVW KHDYH
VXVFHSWLELOLW\RIFUXVKHGURFNDJJUHJDWHVXVHGLQUDLOZD\WUDFNVWUXFWXUH,Q3URFHHGLQJVRIWKHWK
,QWHUQDWLRQDO&RQIHUHQFHRQ3HUPDIURVW)DLUEDQNV86$-XQH-XO\







3\ONNlQHQ . 1XUPLNROX $  5RXWD MD URXWLPLQHQ UDWDUDNHQWHHVVD /LLNHQQHYLUDVWRQ
WXWNLPXNVLDMDVHOYLW\NVLlSDSSLQ)LQQLVK










DQG WKH JURZWKIXVLRQ EHKDYLRU RI LFH ,Q 1RUWK $P &RQWULE 6HFW ,QW 3HUPDIURVW &RQI
:DVKLQJWRQ'&SS
5DVPXVVHQ6.UDUXS-$	+LOGHEUDQG*1RQFRQWDFW'HIOHFWLRQ0HDVXUHPHQWDW
+LJK 6SHHG WK ,QWHUQDWLRQDO &RQIHUHQFH RQ WKH %HDULQJ &DSDFLW\ RI 5RDGV 5DLOZD\V DQG
$LUILHOGVWK-XQH/LVERQ3RUWXJDOS




5DWDWHNQLVHW RKMHHW 5DWR RVD  /LLNNXYD NDOXVWR  /LLNHQQHYLUDVWRQ RKMHLWD 
+HOVLQNLSDSSLQ)LQQLVK
5HPHQQLNRY$0	.DHZXQUXHQ6$UHYLHZRIORDGLQJFRQGLWLRQVIRUUDLOZD\WUDFN






RI 0HWKRGV IRU 0HDVXUHPHQW RI 7UDFN ,UUHJXODULWLHV ,PSRUWDQW IRU *URXQG%RUQH 9LEUDWLRQ
'HOLYHUDEOH'6XEPLVVLRQGDWH
5REHUWV)/.DQGKDO36%URZQ(5/HH'<.HQQHG\7:+RWPL[DVSKDOW
PDWHULDOV PL[WXUH GHVLJQ DQG FRQVWUXFWLRQ 6HFRQG HGLWLRQ 1DWLRQDO $VSKDOW 3DYHPHQW
$VVRFLDWLRQ5HVHDUFKDQG(GXFDWLRQ)RXQGDWLRQS
5\KlQHQ$<O|QHQ6/XRPDOD+.ROLVRMD30lNHOl+	+DONROD+&RQWLQXRXV






































6LYLOHYLþLXV + 	 3HWNHYLþLXV .  5HJXODULWLHV RI GHIHFW GHYHORSPHQW LQ WKH DVSKDOW
FRQFUHWHURDGSDYHPHQWV-RXUQDORI&LYLO(QJLQHHULQJDQG0DQDJHPHQWSS









































=LPPHUPDQ +  'LH %HUHFKQXQJ GHV (LVHQEDKQREHUEDXHV 5DLOZD\ SHUPDQHQW ZD\
GHVLJQ(UQVW	6RKQ%HUOLQ
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